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Environmental Analysis in Transportation 


Washington State’s Ecological Application of Collaborative 
Approach to Identify a Preferred Alternative and Mitigation 
Strategy for 90 Snoqualmie Pass East Project 


Jason Smith and Amanda Sullivan 


Since 1999, the I-90 Snoqualmie Pass East Project (I-90 project) of the 
Washington State Department of Transportation (WSDOT) team has 
worked with dozens of government agencies and nongovernmental 
groups to develop a range of potential solutions to meet project needs and 
mitigate the project’s potential adverse impacts on the Central Cascades’ 
ecosystem and the state’s economy. WSDOT created a multiagency inter- 
disciplinary team (IDT) as an advisory body to recommend a preferred 
alternative that incorporated relevant science and the concerns of agency 
stakeholders. The project’s original IDT included eight primary and 
advisory agencies and was later expanded to include 12 participating 
agencies. The IDT went on to form the mitigation development team 
(MDT), a technical advisory subcommittee consisting of hydrologists 
and biologists from different agencies, to identify locations and develop 
performance criteria for investments in ecological connectivity. In addi- 
tion to the IDT and the MDT, formal technical committees were formed to 
assist in planning and permitting challenges for final designs on wetlands 
mitigation, wildlife monitoring, and stormwater. WSDOT has also estab- 
lished innovative partnerships with university researchers and conserya- 
tion groups to help establish citizen awareness, wildlife monitoring, and 
targeted habitat acquisitions. Relationships with transportation-based 
organizations and businesses were formed to gain insight into the require- 
ments of highway users. WSDOT’s innovative approach to developing 
partnerships to understand and meet landscape-scale, watershed-based 
objectives on the I-90 project provides a scalable model for the integra- 
tion of context-sensitive solutions for future WSDOT and other state 
departments of transportation projects. 


In 1999, FHWA, in collaboration with the Washington State Depart- 
ment of Transportation (WSDOT), published a Notice of Intent to 
scope a 15-mi section of Interstate 90 between the community of 
Hyak and the town of Easton for an environmental impact study. 
Initially, this evaluation focused on reducing winter closures of 
the Interstate, but the aim quickly expanded to include other needs, 
including reducing the risk of rock and debris falling on the roadway 
from unstable slopes, fixing structural deficiencies, providing for 
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increases in traffic volumes, and connecting habitat across I-90 for 
fish and wildlife. 

During the public scoping process, which began in 2000, complex 
issues arose for designing and constructing this project. Land 
ownership and management objectives along the corridor were 
changing, and the project was being scoped without taking these 
factors into consideration. To address the issue, WSDOT adopted 
the ecological approach. This ecosystem approach helped guide 
WSDOT and its partners in developing a long-term vision for the 
I-90 corridor and mitigating the effects of the infrastructure project. 

In 2000, an interagency interdisciplinary team (IDT) was formed, 
and preliminary engineering and environmental analysis began. 
Through the IDT, WSDOT accomplished ecological project goals 
by applying a landscape-level, watershed-based mitigation strategy. 
This mitigation strategy allowed WSDOT and its partners to consider 
multiple ecological needs in the project design, including connecting 
habitat, streams, and groundwater across I-90 at various connectivity 
emphasis areas (CEAs), or ecological linkages. (CEAs are mostly 
located at existing bridge and culvert locations and include water 
crossings as part of the design strategy.) 

When the Transportation Partnership Account finance package was 
passed in 2005 by the Washington State Legislature, WSDOT received 
funding to ramp up the design effort, finish National Environmental 
Policy Act (NEPA) compliance, and prepare construction documents 
for the first 5 mi of the project area from Hyak to the Keechelus Dam 
vicinity (1). WSDOT published the “I-90 Snoqualmie Pass East 
Project Draft Environmental Impact Statement” (draft EIS) for public 
review and comment in summer 2005. The landscape-level, watershed- 
based approach helped WSDOT secure the necessary agency and 
citizen approval for the draft EIS. Over the next 2 years, WSDOT 
continued using existing partnerships and formed new teams, includ- 
ing specialized technical committees, to identify a preferred design 
alternative for the I-90 project. These collaborative efforts culmi- 
nated with the release of the final EIS in August 2008 that identified 
WSDOT’s preferred design alternative for the I-90 project. In October 
2008, FHWA issued its record of decision, selecting the preferred 
alternative for construction. 

Through the I-90 project, WSDOT will ensure the continued 
availability of I-90 as a primary statewide corridor by improving 
the safety and reliability of a 15-mi stretch of the interstate east of 
Snoqualmie Pass. WSDOT will reduce avalanche risks to the trav- 
eling public, minimize road closures required for avalanche control 
work, and reduce the risk of rock and debris falling onto the interstate 
from unstable slopes. WSDOT will also fix structural deficiencies, 
provide for the recent and predicted increases in traffic volume, and 


work to reduce wildlife—vehicle collisions by reconnecting habitat 
across I-90 for improved mobility of fish and wildlife. Plans for the 
project include widening the existing four-lane interstate to six lanes, 
replacing deteriorated concrete pavement, straightening sharp road- 
way curves, stabilizing unstable rock slopes, building new bridges 
and culverts (including the construction of wildlife under- and over- 
crossings), and building a new, more efficient snowshed (a concrete 
shed covering the roadway to provide permanent protection from 
avalanches and other falling debris to travelers passing through 
Snoqualmie Pass). 

Construction of the first phase of the project from Hyak to Keechelus 
Dam consists of 5 project miles broken into multiple construction 
contracts. WSDOT started work on the first construction contract 
in July 2009 by building a long-term detour bridge (which will be in 
place for up to 3 years) and excavating materials from Keechelus Lake, 
an irrigation reservoir, to mitigate for project impacts to reservoir 
storage during future construction activities. In November 2009, 
WSDOT advertised the second contract to begin replacing the old 
lanes and adding a new lane in each direction, rebuilding bridges, and 
extending chain-up and -off areas along the first 3 mi of the project. 
This contract is expected to begin construction in 2010. In fall 2010, 
WSDOT will advertise the third contract to continue adding a lane 
in each direction, replace the snowshed, address unstable slopes, build 
new bridges, and construct new chain-up and -off areas for the next 
2 project miles. This contract is scheduled to begin construction 
in 2011. Several smaller contracts are planned to start after 2011. 
These contracts will consist of specialty work, including stormwater 
retrofit, wetland and roadside mitigation, and the installation of 
wildlife fencing. 

The first 5 mi of the I-90 project from Hyak to Keechelus Dam is 
funded at $595 million. The remaining portion of the project (10 mi) 
from Keechelus Dam to Easton remains unfunded. 
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UNDERSTANDING THE I-90 PROJECT CORRIDOR 


To better understand WSDOT’s use of partnerships and how a 
preferred alternative was identified, it is necessary to first discuss the 
I-90 project’s geographic landscape. I-90 spans 300 mi in Washington 
State from the Port of Seattle to the Idaho state line, and then contin- 
ues east across the United States to Boston, Massachusetts. I-90 is 
the major east—west transportation corridor across Washington and 
is vital to the state’s economy (2). The I-90 project improves a 15-mi 
portion of I-90, beginning on the eastern side of Snoqualmie Pass at 
milepost 55.1, just east of the Hyak Interchange, where the existing 
highway narrows from six lanes to four lanes. The project end point 
is at milepost 70.3 at the West Easton Interchange, where the terrain 
becomes flatter and the highway is straighter. This 15-mi stretch 
of I-90 is in Kittitas County, Washington, and passes through the 
Okanogan-Wenatchee National Forest (see Figure 1). 

1-90 is acritical link connecting Puget Sound’s large population and 
business centers with the farmlands, diverse industries, and exten- 
sive recreational areas of eastern Washington. The uninterrupted 
movement of people, freight, and business over Snoqualmie Pass is 
essential to quality of life and the economic vitality of Washington 
State (2). 

The I-90 project presents many unique environmental and design 
challenges because of its location along a high mountain pass in the 
Central Cascades. The general topography is one of mountainous 
peaks and valleys. For the first 6 mi of the project area, I-90 runs 
along a narrow corridor between the shores of Keechelus Lake, a 
deep-water agricultural reservoir of glacial origin, and steep mountain 
slopes (see Figure |). These steep mountain slopes contain volcanic 
bedrock at varying depths that are subject to deep fissures and stress 
cracks with weakened slip planes, which, when combined with high 
annual precipitation and freeze-thaw conditions, makes them suscep- 
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FIGURE 1 Washington State map showing Interstate 90, the I-90 project location, and typical topography. 
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tible to landslides, debris flow, and avalanche. Geotechnical studies 
indicate that certain portions of the project area contain stable rock 
and favorable sediment, while other areas contain soft frangible rock 
and liquefiable soil conditions. These conditions, combined with 
short construction windows and a planned annual winter shutdown, 
require a unique set of plans for designing bridges, improving ground 
conditions for foundations, and stabilizing rock slope cuts before 
and during construction. 

The I-90 project area (15 mi) is built on national forest land. The 
large areas of protected state, federal, and conservation land north and 
south of I-90 support a broad range of habitats and a diverse array 
of plants and wildlife. Endangered species and focal species in the area 
include the northern spotted owl, bull trout, and migrating ungulates. 
Since the late 1990s, the area has been managed according to the 
Snoqualmie Pass Adaptive Management Area Plan. This plan requires 
protection of old-growth habitat, removal of portions of existing 
U.S. Forest Service (USFS) roads, and management of recreation to 
facilitate species movement. In recent years, through the acquisition 
of private land, there have been substantial private and public land 
conservation efforts to protect old-growth forest, provide larger con- 
tiguous blocks of forested habitat, and facilitate habitat connectivity 
across the I-90 corridor. The Cascades Conservation Partnership, 
the Mountains-to-Sound Greenway Trust, the U.S. Fish and Wildlife 
Service (USFWS), and USFS have invested more than $100 million 
in these efforts during the past 5 years. These land purchases, along 
with the I-90 land exchange, have added 75,000 acres (approximately 
117 mi’) of land to the national forest system adjacent to and within 
the I-90 project area. The land management by USFS and conservation 
groups has given WSDOT confidence that ecological connectivity 
investments will be protected in perpetuity. 

Even with conservation efforts, I-90’s presence limits wildlife 
movement and forms a physical barrier between upstream and down- 
stream terrestrial and aquatic environments. Existing culverts and 
narrow bridges limit aquatic species movement and, in many cases, the 
highway embankment has filled in habitat that once made up channels, 
floodplains, and associated wetlands. Adequate connections between 
habitats and hydrologic features on either side of I-90 are necessary 
for the continued health of the project area’s diverse ecosystems. 


IDENTIFYING PROJECT PARTNERS 
WITH A VESTED INTEREST 


The I-90 project’s complex engineering and environmental design 
issues led WSDOT to look outside of the agency for partners with a 
vested interest in solving challenges and focusing on a landscape-level, 
watershed-based design and mitigation strategy. In 2000, WSDOT 
formed the IDT to provide effective and efficient interagency advice 
to the I-90 project team, develop a project purpose and need statement, 
help meet NEPA and State Environmental Policy Act guidance 
during the environmental analysis phase, and move quickly through 
the permitting actions. 

WSDOT and FHWA were the lead agencies on the IDT. The 
original IDT consisted of eight agency members: five voting members 
and three advisory members. By 2005, the IDT was expanded to 
include 12 agencies, including WSDOT and FHWA. Partnership 
agencies included USFS, U.S. Bureau of Reclamation, USFWS, U.S. 
Army Corps of Engineers, U.S. Environmental Protection Agency 
(EPA), National Marine Fishery Service, Washington Department 
of Fish and Wildlife (WDFW), Washington Department of Ecology 
(Ecology), Washington State Parks, and Kittitas County. 


WSDOT and FHWA often required multiple participants in the IDT. 
In addition to WSDOT, each nonlead agency provided one primary 
and one or more alternate representatives to participate in monthly 
or bimonthly IDT meetings. IDT meetings allowed WSDOT and the 
IDT to talk openly about project descriptions based on information 
learned from recent field work. Frequent agenda topics included 
the existing and proposed project conditions, the project’s impacts 
and benefit opportunities, risks and management strategies, a value 
engineering study, cost evaluation validation process (3), analysis of 
ecological connectivity information and design features, and review 
of design engineering data such as geotechnical, structural investi- 
gations, alignment data, advanced stormwater design, and avalanche 
modeling (4). Between meetings, IDT members worked proactively 
to identify and assist in developing management strategies for project 
risks associated with engineering design and environmental impacts. 
IDT members conducted, coordinated, and group-reviewed the 
project’s designs and permit application materials and arranged 
physical and virtual field reviews focusing on water resources and 
watershed context. The IDT’s contributions to the I-90 project 
were tracked using a series of commitment tracking databases and 
geographic information system modeling. These data management 
technologies were used to support the collaborative approach and 
assist in information sharing. 

With guidance from the IDT, WSDOT and FHWA developed 
the purpose and need for the I-90 project. It was determined that the 
I-90 project, regardless of the build alternative, must 


e Reduce the risk of avalanche to the traveling public and reduce 
the frequency and duration of road closures required for avalanche 
control work, 

© Reduce the risk of rock and debris falling onto the roadway 
from unstable slopes, 

e Fix structural deficiencies by replacing damaged pavement, 

e Provide for the growth-related increases in traffic volume, and 

© Connect habitat across I-90 for fish and wildlife (5); this eco- 
logical commitment as part of a project purpose and need statement 
was a first for WSDOT. 


To identify a preferred alternative and complete the final EIS, 
WSDOT and the IDT had to resolve issues with integrating ecological 
connectivity objectives with other project objectives. Specifically, 
WSDOT and the IDT needed to identify solutions to issues regard- 
ing the location of crossing structures, wetlands mitigation, wildlife 
monitoring, and stormwater treatment best management practices 
(BMPs). Therefore, specialized teams were created to make project 
recommendations to WSDOT and the IDT. 

The first specialized team that WSDOT and the IDT formed 
was the mitigation development team (MDT) to provide technical 
support regarding ecological connectivity and the development 
of an environmental design and mitigation strategy. The MDT 
worked closely with the project team to prepare and publish the 
MDT recommendation package (6). 


ESTABLISHING THE MITIGATION 
DEVELOPMENT TEAM 


To integrate ecological connectivity into the project design, the IDT 
convened a multiagency team of biologists and hydrologists to form 
the MDT. Partnership agencies included WSDOT, USFS, USFWS, 
and WDFW. 


The MDT was tasked to make recommendations that responded to 
the following central question: “Given what we know about wildlife 
movement, habitat fragmentation, and ecological connectivity needs, 
and framing this knowledge within the context of a limited design/ 
construction budget, where are the locations within the project area 
that provide the highest benefit-to-cost ratio and long-term solutions 
to the issue of ecological connectivity?” (6) 

The MDT’s first order of business was to review the existing 
scientific information and site-specific technical report data developed 
by WSDOT, USFS, and other agencies during the 1990s to determine 
the existing ecological conditions within the project area. Among 
other topics, the MDT considered high-mobility species, low-mobility 
species, roadkill data, fish passage, landscape permeability, existing 
habitat conditions, aquatic habitat connectivity, and hydrologic func- 
tion. At the projectwide scale, the MDT identified three generalized 
north-south linkage zones: the Gold Creek Valley, Keechelus Lake 
to Amabalis Mountain, and the Easton Hill area. Within these zones, 
they also identified 14 CEAs across the project area. Each CEA pro- 
vided an opportunity to improve connectivity for a unique assemblage 
of species. CEAs ranged in complexity from single stream crossings 
to multiple stream crossings with associated wetlands and areas of 
diffuse surface flow, to upland areas that are important movement 
routes for wildlife (see Figure 2) (6). 

The I-90 project design team collaborated with the MDT to 
develop alternative conceptual designs for the highway at each CEA. 
The design team also developed some designs independently so that 
a range of alternatives could be evaluated. The IDT requested that 
the MDT evaluate the likely performance of the different design 
options to determine which would meet ecological connectivity 
objectives. 

After evaluating design options and developing specific perfor- 
mance standards and CEA-specific connectivity objectives, the MDT 
found that crossing structures would be more effective for some 
species if they contained habitat, rather than simply being physical 
connections for opposite sides of the highway. For instance, lower- 
mobility animals would feel more secure using a crossing structure 
containing hiding cover. Different animals show different preferences 
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for crossing structures, whether the structures are small, medium, 
or large (6). 

The MDT also noted that projectwide wildlife connectivity objec- 
tives were likely to be met and would profoundly improve ecological 
connectivity relative to the existing condition by (a) combining design 
options at CEAs that meet CEA-specific objectives, (b) installing 
small or medium crossing structures at upland sites, and (c) imple- 
menting recommended performance standards outside of CEAs. 
The MDT also recommended that a combination of structure types 
(i.e., overcrossing and undercrossing) be considered to serve a large 
variety of species. They recommended additional small or medium 
(drainage-type culverts or box culverts) crossings at intervals of 
approximately every 820 ft throughout the corridor to further sup- 
port the linkage of upland habitats and the movement of smaller 
animals. From a hydrologic perspective, projectwide connectivity 
needs are predominantly met by design options that meet objectives 
within CEAs (6). These recommendations were presented to the 
IDT, who integrated them into the overall recommendations for 
the preferred alternative and forwarded them to FHWA and WSDOT 
decision makers. After these recommendations were adopted by 
the decision makers, the I-90 project design team used these recom- 
mendations to move conceptual design to final design plans at 
each CEA. 

While working with the MDT, WSDOT identified further chal- 
lenging areas where the I-90 project design team could use the help 
of interagency collaboration. These areas included responding to the 
challenges associated with wildlife monitoring, stormwater treatment, 
and wetland mitigation. Therefore, technical committees were created 
to provide direction on WSDOT designs. The Wetlands Mitigation 
Technical Committee was created to assess wetlands and other juris- 
dictional waters within the project area and analyze the project’s 
mitigation designs. The Wildlife Monitoring Technical Committee 
was established to oversee and review information gathered from 
preconstruction, and later postconstruction, wildlife monitoring 
efforts. The Stormwater Technical Committee (STC) was created 
to help WSDOT develop solutions to stormwater and hydraulic 
challenges. 
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FIGURE 2 Map showing identified CEAs and the bridges and culverts (in yellow) that will be placed at each CEA to improve connectivity. 
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ESTABLISHING A WETLANDS MITIGATION 
TECHNICAL COMMITTEE 


The Wetland Mitigation Technical Committee consisted of inter- 
agency personnel with expertise in wetland, hydrology, horticulture, 
and related scientific fields (see Figure 3). The committee was 
established to advise WSDOT design and environmental teams on 
challenges facing the specific wetland mitigation designs related 
to meeting wetland replacement requirements. The wetlands team 
reviewed preliminary designs, provided guidance and support 
for habitat acquisitions, and worked with other agencies to help 
resolve conflicts associated with the unique mitigation proposed 
on the project. 

Mitigation for the I-90 project focuses on improvements to CEAs 
and consists of mitigation underneath and adjacent to bridge and 
culvert structures, identification and connection of habitat types and 
aquatic features, and preservation and restoration that is consistent 
with project and partnership objectives. 


DEVELOPING A WILDLIFE 
MONITORING PROGRAM 


Ecological connectivity objectives, specifically wildlife connectivity, 
focus on improving motorists’ safety by reducing wildlife—vehicle 
collisions and improving the ecological permeability of the highway 
for fish and wildlife. In order to understand how WSDOT?’s invest- 
ments perform over time, and to incorporate lessons learned into future 
phases of design and construction, baseline and postconstruction 
wildlife monitoring programs were needed. Because of the broad 
landscape context of road systems, ecological connectivity objectives, 
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and surrounding land management agencies, wildlife monitoring 
and assessment needed to address the broader landscape, ecological 
processes, and restoration of important linkages for a multiple-species 
ecosystem. Implementing a wildlife monitoring plan of this spatial and 
ecological scale was beyond WSDOT’ capacity, however. Therefore, 
WSDOT, other agencies, and interested groups came together to 
launch a multitiered monitoring program. 

WSDOT first formed a Wildlife Monitoring Technical Committee 
to assist with developing a wildlife monitoring program and help with 
solving problems associated with the implementation of a program. 
The committee provided a venue where experts in wildlife biology 
and road ecology could develop guidance on how to perform baseline 
and postconstruction wildlife monitoring for WSDOT (7). Members 
of the committee included WSDOT, USFS, USFWS, EPA, WDFW, 
Central Washington University (CWU), and Western Transportation 
Institute (WTI) at Montana State University. 

WSDOT contracted with WTI to help develop the multitiered 
Wildlife Monitoring Plan. Under the plan, WTI would provide services 
during the preconstruction monitoring as the lead role in coordinating 
research efforts with all active committee participants, support the 
development of new partnerships, and help identify and seek funding 
for joint efforts. 

To assess the many aspects of meeting ecological connectivity 
objectives on the I-90 project, the I-90 Wildlife Monitoring Plan 
focuses on a two-tiered approach to wildlife monitoring. Tier | 
evaluates basic transportation management questions regarding the 
performance of crossing structures and fencing (such as changes in 
wildlife—vehicle collisions and use of new crossing structures). Tier 2 
builds on the results of Tier | to address more complex questions about 
the effects of the project on wildlife populations (such as genetic and 
demographic structure, viability, and dispersal) (8). 
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FIGURE 3 Wetlands Mitigation Technical Committee member agencies. 


Wildlife monitoring focuses on a select group of species (focal 
species) and occurs on multiple spatial scales, over time. Both high- 
and low-mobility focal species are used based on the assumption 
that they will provide an indication of the generalized response to a 
given stimulus by a larger assemblage of species. Ecological attri- 
butes are used to determine which species serve as the best indicators 
of change. 

Tier | objectives include evaluating the locations and rate of 
wildlife-vehicle collisions, assessing the use and effectiveness of 
wildlife crossing structures—both existing and planned, characteriz- 
ing the locations and rate of at-grade highway crossings by wildlife, 
estimating species occurrence and distribution in the project area, 
assessing the effectiveness of fencing, and appraising the effectiveness 
of jump-outs (8). 

WSDOT and its partners have been conducting both CEA-specific 
and projectwide monitoring for Tier | activities to identify baseline 
conditions since 2008. Methods being used to meet Tier | objectives 
include assessing wildlife use of existing culverts and underpasses 
via remote cameras, documenting crossing rates via snow tracking, 
evaluating the distribution of various target species via noninvasive 
survey methods and live-capture, and documenting wildlife—vehicle 
collisions. In addition, specific projects to monitor low-mobility 
species, such as fish, amphibians, and pikas, have been initiated in 
partnership with CWU. Early monitoring results have documented 
how species are moving through the corridor, and genetic samples 
collected from various target species will be used for assessment of 
highway permeability both pre- and postconstruction. 

Postconstruction Tier 2 monitoring activities, research, and objec- 
tives will focus on landscape and population-level connectivity and 
complement Tier | monitoring by providing a more comprehensive 
understanding of how the project connectivity measures perform 
at a larger scale. Tier 2 monitoring efforts are somewhat unique 
to the I-90 project, because few other Tier 2 monitoring efforts 
have been instituted in the county. Tier 2 efforts will allow WSDOT 
and its partners to evaluate wildlife usage and performance of 
the various crossing structures to determine their effectiveness. 
Research methods will include pre- and postpopulation level benefits 
(hair collection, scat-detection dogs), pre- and postregional species 
occurrence (remote cameras, hair collection, tracking, scat-detection 
dogs), postpopulation viability analysis (computer-based analysis), 
and pre- and postextent of human disturbance (GIS mapping, spatial 
stats, trail and traffic counters). Tier 2 research will require a contin- 
ued collaboration and partnering between WSDOT and other entities 
in order to be successful (8). 


INTEGRATING STORMWATER 
TREATMENT FACILITIES 


In addition to integrating ecological connectivity objectives, WSDOT 
had to specifically look into and develop solutions to stormwater and 
hydraulic challenges. The I-90 project corridor passes through the 
Wenatchee National Forest and runs adjacent to the northeastern 
shore of Keechelus Lake for the first 6 mi, then parallels the Yakima 
River for the remaining 9 mi. The project crosses five tributaries to 
Keechelus Lake and nine significant tributaries to the Yakima River, 
including the Kachess River. The project also crosses or is adjacent 
to numerous wetlands (9). 

The nature of the surrounding alpine environment, climatic 
extremes, and the need to protect water quality made the selection, 
design, and mitigation process for stormwater management systems 
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challenging. Additionally, portions of the project are located on steep 
slopes (rock cliffs) where the construction of stormwater BMPs would 
be very difficult and require extensive structural support. Other 
typical freeway BMPs are infeasible because portions of the project 
are located in narrow corridors where cliffs are on one side of the 
freeway and a lake or river is on the other side, with no room for a 
median. And while not exactly a physical constraint, snow manage- 
ment and snow hydrology play a large role in how space is utilized 
and what BMPs are most suitable, with open areas in the median 
or adjacent to the freeway likely doubling as both snow storage 
areas as well as stormwater BMP locations (9). 

The project team relied on additional expertise outside of the current 
team by establishing a multiagency STC to review stormwater design 
and permitting issues; evaluate analysis and preliminary engineering 
approaches developed by WSDOT; and recommend appropriate, 
effective, and efficient mitigation methods to the design team. STC 
members included WSDOT, USFS, Ecology, and consultant staff. 
These members have permitting approval roles or are partner agencies 
with a strong interest in helping solve stormwater problems. 

The general objectives of the STC were to review WSDOT 
stormwater analysis and recommendations and provide feedback, 
help identify areas where stormwater management will be partic- 
ularly challenging (unconstrained, partially constrained, and fully 
constrained areas), and help formulate and evaluate innovative 
stormwater solutions and mitigation alternatives (9). The STC was 
also charged with reviewing stormwater technical and permitting 
issues and directly enhancing the clarity and assurance of project 
stormwater-related design and approvals (/0). Other topics for the 
STC to address included site-specific water quality concerns, cold 
climate considerations, maintenance of the hydrologic cycle, capital 
costs, maintenance and operations effort and cost, constraints on BMP 
types, and optimal versus less than optimal BMP performance (/0). 

While recommended stormwater treatment designs are currently 
under way, the STC has made recommendations to WSDOT on how 
to resolve these complex issues. WSDOT and the STC have selected 
permanent stormwater BMPs to maximize the amount of on-site 
treatment. WSDOT selected the recommendations that were consid- 
ered most suitable given stormwater standards, space limitations, 
ecological goals, cold climate concerns, and other criteria. The 
STC’s work allowed WSDOT to receive approval from Ecology for 
a range of BMPs to apply to the project area. 

The physical setting of the project, however, sometimes makes 
constructing on-site BMPs infeasible. These areas were identified as 
“constrained areas.” WSDOT intends to mitigate for constrained 
areas by providing off-site equivalent area treatment, as allowed by 
WSDOT’s 2008 Highway Runoff Manual (11). Equivalent area 
treatment will be provided by retrofitting stormwater treatment on 
suitable off-site freeway and WSDOT maintenance facility locations 
within the Keechelus Lake drainage basin (/2). Recent work has 
focused on developing conceptual WSDOT Hyak Maintenance 
Facility stormwater treatment retrofit options, including bioinfiltration 
swales; the use of passive, nonstructural treatment BMPs preceded by 
settling vaults; and buffer strips along creeks. 


COMMUNICATING WITH PROJECT 
STAKEHOLDERS, PARTNERS, AND THE PUBLIC 


Since beginning the public scoping process in 1999, WSDOT has 
engaged in a continuous process of communication with the public, 
interest groups, and other stakeholders. WSDOT has shared infor- 
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mation with these groups in an open and transparent manner, which 
has made the agency credible and qualified to act in the public’s 
best interest. 

In addition to communicating and collaborating with federal, 
state, tribal, and local agencies on the IDT, MDT, and technical 
committees, WSDOT formed relationships with transportation-based 
organizations, associations, and businesses in order to gain insight 
into the requirements of highway users. This includes relationships 
with the Ports of Seattle and Tacoma, Washington State Good Roads 
and Transportation Association, Washington Trucking Association, 
Freight Mobility Strategic Investment Board, and local importing 
and exporting freight business. WSDOT also developed partner- 
ships with a variety of agencies, landowners, and citizen groups 
(such as the Sierra Club and Cascade Land Conservancy) to reduce 
conflicts that could affect the project (2). WSDOT’s I-90 project 
representatives have also attended more than 40 outreach events 
throughout the year, including community fairs, festivals, farmers’ 
markets, student science fairs, and presentations to various groups. 


USING COLLABORATIVE APPROACH 
FOR IDENTIFYING PREFERRED ALTERNATIVE 


FHWA published the Notice of Availability for the draft EIS in the 
Federal Register on June 10, 2005. The draft EIS presented existing 
environmental conditions along the I-90 project corridor, along with 
a range of six possible alternatives for WSDOT, FHWA, and the 
IDT to analyze that would potentially meet the project’s purpose and 
need. The draft EIS analyzed the environmental, social, and eco- 
nomic consequences of each alternative, based on technical reports 
or memoranda prepared for key environmental disciplines. FHWA 
and WSDOT distributed 2,071 copies of the draft EIS to tribes, 
agencies, libraries, and members of the public (2). 

After publishing the draft EIS, the lead agencies solicited written 
and oral comments from the public, agencies, and organizations dur- 
ing the 45-day comment period. Public hearings held in Ellensburg, 
Hyak, and Seattle, in June and July 2005, gave citizens and agen- 
cies the opportunity to comment on the draft EIS as well as meet 
project staff. The lead agencies also maintained a project website 
that provided the public with the opportunity to provide comments 
via e-mail. 

After reviewing comments received during the draft EIS and 
gathering final recommendations, WSDOT and the IDT identified the 
I-90 project preferred alternative by using the collaborative processes 
mentioned above. The general process for identifying the preferred 
alternative included the following: 


° Presenting on individual issues such as tunneling logistics, 
structural engineering, and considering the MDT’s recommendations 
related to ecological connectivity; 

© Reviewing draft EIS comments; 

° Using this information to develop IDT recommendations for 
the preferred alternative; 

© Identifying the preferred alternative based on the lead agencies’ 
(FHWA and WSDOT) concurrence with the IDT’s recommendations; 
and 

© Performing additional technical studies and cost estimates to 
refine the preferred alternative before issuing the Final EIS (2). 


FHWA and WSDOT published the notice of availability for the 
final EIS on August 29, 2008. WSDOT circulated over 6,500 copies 


of the final EIS, mostly ina DVD/CD set. The preferred alternative in 
the final EIS met the project’s purpose and need in the following ways: 


© The highway will be expanded from two to three lanes in each 
direction. This will accommodate projected traffic volumes for the 
next 25 years. 
© The aging, deteriorated highway surface will be replaced with 
new concrete pavement. This will provide a smoother ride and reduce 
maintenance costs. 
e Where possible, highway curves will be straightened to increase 
sight distance, drivability, and safety. 
e New chain-up areas will be built, providing additional area for 
trucks and motorists to move out of the travel lanes. 
¢ Low, narrow bridges at two interchanges will be replaced, 
making truck travel through the interchanges safer and more efficient. 
e Avalanche risks and associated closures will be reduced sub- 
stantially by replacing the existing Lake Keechelus Snowshed Bridge 
with an expanded six-lane snowshed covering all highway lanes. 
This will increase safety and reduce road closures for avalanche 
control work. 
© Slopes will be stabilized to reduce rock fall hazards. This will 
increase safety and reduce road closures due to rock fall. 
© Structures for wildlife passage will be built at the 14 major 
wildlife crossing areas within the project. This will increase safety by 
reducing collisions between wildlife and vehicles and will connect 
habitat that is currently separated by the highway. Wildlife passage 
will be improved by 
— Replacing narrow bridges and culverts with longer, wider 
bridges and culverts; 
— Adding wildlife exclusion fences and other features to keep 
wildlife off the highway; and 
— Adding wildlife overcrossings at strategic locations (2). 


After publishing the notice of availability, a 30-day review period 
began for the public, agencies, and other relevant reviewers. WSDOT 
hosted open houses in Ellensburg, Hyak, Bellevue, and online to give 
citizens and agencies the opportunity to learn about the preferred 
alternative, as well as to meet project staff. Additionally, to educate 
the public about the release of the final EIS and open houses, WSDOT 
mailed over 4,900 postcards to residents living along the I-90 project 
corridor, sent e-mails to those registered on project mailing lists, 
posted informational flyers, placed advertisements in 15 newspapers, 
mailed letters, and conducted 12 media interviews. The FHWA 
issued a Record of Decision on October 6, 2008, concurring with 
WSDOT in its choice to construct the preferred alternative. 


SUCCESSES AND CHALLENGES OF USING 
THE COLLABORATIVE APPROACH 


Benefits 


WSDOT was able to meet I-90 project design and environmental 
objectives by using the collaborative approach to identifying a pre- 
ferred alternative. Several key factors contributed to the success 
of this approach, including the early identification of the project’s 
purpose and need, early information sharing, agency role definition, 
and expectation management. 

Even though it took months to complete, clearly defining the 
project’s purpose and need was the critical first step in forming the 
foundation needed for collaborative success. The project purpose and 


need ensured that the I-90 project design team and partners were 
working to accomplish common goals and outcomes. 

After identifying the purpose and need, WSDOT and its partners 
agreed that the early sharing of information and open communication 
were critical to shaping the project and identifying issues to inves- 
tigate. The project team used the philosophy of “no surprises,” and 
information sharing was targeted toward that goal. The no-surprises 
goal was achieved by sharing information with project partners 
that was preliminary in nature. As the information was refined, each 
partner could contribute and track its progression. Information 
sharing and open communication were essential in developing a 
project that incorporated the concerns of agencies and the public 
into project designs. 

Early information sharing also helped WSDOT identify and 
manage reasonable and unreasonable expectations of partnership 
agencies and the project team. Expectation management is an essen- 
tial component to the collaborative approach. WSDOT identified its 
partners’ expectations early on in order to filter through the realistic 
and unrealistic ones. WSDOT worked with its group of partners 
to deliver on the realistic expectations and eliminate or modify the 
unrealistic ones. Expectations are equivalent to the scope of the 
project and of each partner; therefore, management of expectations 
is critical to keeping a project on scope, on budget, and on schedule. 

Identifying and managing agency expectations leads to establish- 
ing agency role definitions. Agency role definitions ensure mutually 
compatible partnerships. For the I-90 project, it was important that 
WSDOT’s collaborative approach benefit all agencies and organiza- 
tions involved, so that together they could provide a holistic landscape 
management plan that considered each agency’s mission while 
meeting project needs and benefiting the natural environment. 

The collaborative approach process is scalable. WSDOT’s South 
Central Region manages the I-90 project and has used this partner- 
ship approach on other projects before, albeit not to this scale. 
For the I-90 project, WSDOT budgeted $10 million to $12 million 
for preliminary project engineering and environmental. Over the 
course of 8 years, WSDOT conducted hundreds of meetings between 
12 agencies and four tribes that resulted in the creation of over 
30 discipline reports for the I-90 project. WSDOT believes the col- 
laborative approach builds projects that build communities. For the 
I-90 project, the support of agency, tribal, and public communities 
were taken into account, which in turn, allows the project to support 
Washington State as a whole. 


Challenges to the Collaborative Approach 


The collaborative approach, although successful, also presents 
challenges. WSDOT faced many challenges when collaborating on 
the I-90 project, including issues with timely negotiations, conflicts 
and strained relationships, drawbacks to early information sharing, 
and wavering perseverance. 

Federal, state, and local agencies, as well as tribes, all have unique 
cultures, and because of these cultures, negotiations take an incredible 
amount of time to complete. Every agency is its own bureaucracy, 
and its business practices must be respected and accommodated. 
Respecting business practices includes recognizing each agency’s 
sensitivity to certain issues. Conflicts can arise that strain the partner- 
ship if these factors are not recognized. WSDOT realizes that itis okay 
to agree to disagree, as conflicts will occur. Therefore, proactively 
planning for these conflicts is an important part of interagency 
management. WSDOT has learned that when a conflict arises, it is 
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best to discuss the conflict, identify resolution options, and decide on 
acourse of action as a group. Additionally, it is important to recognize 
that personal opinions are part of a conflict, so when a conflict arises, 
extra effort must be made toward respecting the feelings and emotions 
of invested partners. Another important method to managing conflict 
is ensuring that group facilitators and team managers have conflict 
management and resolution training. 

Even though early information sharing was critical to the 
no-surprises goal, it proved challenging at times. Early information 
must be presented within the boundaries defined by the project team. 
When sharing information of a preliminary nature, it is important 
to clearly explain that the data are in draft form, may not contain 
certain details, and will require visionary thinking. Since not all 
individuals are visionary thinkers, early information can oftentimes 
blur the natural progression of project design, making it difficult for 
partnership agencies to formulate a response to the data. 

Lastly, perseverance to succeed is critical when using the collab- 
orative approach. It is important to have a group of leaders and facil- 
itators who are dedicated to the project and its outcomes, and are 
willing to persevere through the challenges and inevitable conflict 
and see it to the end. There are always solutions to problems, despite 
how bleak the situation appears. 


Final Lessons Learned 


Over the past 10 years of designing the I-90 project, WSDOT has 
learned that no matter how clearly roles, expectations, and partner- 
ships are defined, open, honest, and respectful interaction between 
people drives success. Understanding agency cultures, recognizing 
and managing conflict, and taking the time to nurture and invest 
in partnerships are equally important to both the project and the 
collaborative approach’s success. 


NEXT STEPS FOR WSDOT 
AND I-90 PROJECT PARTNERS 


Completion of design plans for the second construction contract 
within the first phase of the I-90 project occurred on November 2, 2009, 
with construction scheduled to begin spring 2010. Design plans and 
permitting actions for the third construction contract are scheduled for 
completion in fall 2010, with construction scheduled for spring 2011. 
The highway improvements from Hyak to Keechelus Dam will be 
completed by 2015. Other projects within Phase | are still being 
scheduled for completion thereafter. 

Phase 2 of the I-90 project from Keechelus Dam to Easton is 
currently unfunded. However, WSDOT and project partners are 
actively trying to secure funding for the contracts comprising this 
important phase. 

WSDOT will continue working with the I-90 project IDT through- 
out design and construction of Phase | and will continue this coordi- 
nation into future Phase 2. The Stormwater Technical Committee 
and Wetlands Mitigation Technical Committee will continue to be 
engaged as designs progress and issues are identified that require 
technical input from WSDOT’s partners. 

WSDOT is committed to working with the Wildlife Monitoring 
Technical Committee to monitor ecological connectivity structures 
for the Wildlife Monitoring Plan’s Tier 1 objectives and support 
partners in reaching the plan’s Tier 2 objectives. WSDOT’s role 
as the lead on this committee will likely diminish as agencies who 
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manage the land and wildlife resources at the landscape scale move 
into a lead role. 

In summation, WSDOT will continue to collaborate with project 
partners, stakeholders, and resource agencies to overcome challenges 
as they arise during construction and in future designs. While the 
remaining 10 project miles from Keechelus Dam to Easton remain 
unfunded at this time, WSDOT, along with its project partners, stand 
ready to deliver. 
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Regionwide Cumulative Effects Analysis 
of Long-Range Transportation Plans 


Chris Paulsen, Patrick J. Crist, Gwen Kittel, and lan Varley 


This study investigated the feasibility and limitations of a regionwide 
cumulative effects analysis of long-range transportation plans (LRTPs). 
The key to meaningful regional cumulative effects assessment and resource 
conservation planning is determining when a significant impact to any 
given resource has been reached. This study applied a select set of natural 
and cultural resource metrics to the 2035 long-range transportation 
plans of large, medium, and small metropolitan planning organizations 
(MPOs). A spatial analysis was conducted to calculate the cumulative loss 
in the distribution of four representative resources from the proposed 
transportation network and land use changes. The results generated infor- 
mation about the resource spatial distribution and retention requirements 
for long-term viability. The cumulative effects were measured against 
quantitative sustainability indicators of high, medium, and low risk; at 
that time, stakeholders and decision makers could make a determination 
of the significance of the environmental impacts before the LRTP was 
complete. Informed decisions can be made about trade-offs; changes 
can be made to plan alternatives to create more compatible plans, or 
mitigation of plan effects can be identified. The model used for this study 
is a flexible but robust model that does not impose an undue burden 
on a department of transportation or MPO, but it does rely on input 
from resource agency experts and other stakeholders. Data were readily 
available in a geographic information system format, and the process 
appears viable for most MPOs and partners. 


The Safe, Accountable, Flexible, Efficient Transportation Equity Act: 
A Legacy for Users (SAFETEA-LU), enacted in 2005, established 
requirements that metropolitan transportation plans provide for actions 
and strategies to protect and enhance the environment. These require- 
ments were intended to promote efficient project management and 
reduce delays in the project-level environmental review process by 
providing the opportunity to identify and resolve issues of concern 
early in the long-range transportation planning process. 
Metropolitan planning organizations (MPOs) and departments of 
transportation (DOTs) must consult with the public, state, tribal, and 
local land management, environmental, conservation, and historic 
preservation agencies and compare proposed transportation plans with 
any available conservation plans, maps, and inventories of natural and 
historic resources. The long-range transportation plan (LRTP) must 
include a discussion of potential environmental mitigation activities 
and locations to carry out those activities, including those activities 
that may have the greatest potential to restore and maintain the 
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environmental functions affected by the plan. Although there are 
some similarities to the National Environmental Policy Act (NEPA) 
environmental analysis, a NEPA analysis of the LRTP is not required. 
However, when decisions that are made in planning are consistent 
with NEPA requirements, they can be used to streamline the project- 
level NEPA analysis (/). DOTs and MPOs need the tools to analyze 
resource data and present quantitative results of cultural and natural 
resource impacts to stakeholders and decision makers so that mean- 
ingful environmental information can inform decision makers of 
potential significant impacts before the plan is completed. 


RESEARCH OBJECTIVE 


The objective of this study was to develop a framework and toolkit 
to support regional cumulative effects assessments for LRTPs and to 
test and evaluate them in three MPOs with different levels of staff 
capacity. The approach applied natural and cultural resource met- 
rics to the transportation plans, similar to an air quality conformity 
analysis, to help decision makers determine significant cumulative 
effects of a transportation network on a given resource within the 
planning region. 


METHODOLOGY 


The general cumulative impact assessment workflow model shown 
in Figure | describes the flow of information from source inputs 
[current and future land use geographic information system (GIS) 
maps, resource maps, expert knowledge, stakeholder input, etc.] 
through analytical functions to calculate the cumulative loss in 
resource distribution or condition. The purpose of creating this work- 
flow was to provide a relatively simple but highly robust and flexible 
approach to conducting a regional cumulative impact assessment. 
Cumulative effects are measured against defined indicators, at which 
point stakeholders and decision makers can make a determination 
of the significance of the resource impacts. The results can then be 
used to identify a preferred transportation and land use scenario and 
potential mitigation strategies. 

The workflow is modeled on some of the core concepts of sys- 
tematic conservation planning (2) and the use of spatial decision 
support tools that automate a great deal of the technical GIS work 
necessary to carry it out (3). 


CUMULATIVE IMPACT ASSESSMENT 


The general cumulative impact assessment model consists of three 
submodels (land use scenarios, resource distribution, and impact 
evaluation) that map or generate scenarios of infrastructure, land use, 
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Land Use Scenario Submodel Tools: Remote sensing/mapping 


tools, land use and infrastructure 


Spatial data input Output 
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Submodel 
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development 
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Resource Sustainability 


Indicator 
Based on Tools:GIS, 
Historic distribution or NSPECT, 
expert input NatureServe 
Vista 


Tools: Element modeling tools, 
remote sensing/mapping tools, 
resource viability analysis tools 


FIGURE 1 General cumulative impact assessment model. 


natural and cultural resource distribution, and other factors important 
for assessing cumulative effects of the LRTP. The following sec- 
tions describe the inputs and outputs of the workflow model shown 
in Figure 1. 


Land Use Scenario Submodel 


A cumulative analysis describes physical factors (land uses, manage- 
ment practices, natural disturbances, etc.) occurring or planned or 
predicted to occur on the land, in the water, or in the air. Typically, 
a baseline scenario of current actual factors is constructed and then 
separate scenarios are constructed that add factors to the baseline to 
describe allowed factors under current policies, proposed factors, or 
expected factors under market or ecological and climate trend models. 
With planned or predicted factors layered on the baseline, cumulative 
factors are expressed. Long-range transportation or corridor plans 
are represented as “proposed” scenarios but would be inclusive of 
current factors and may also include trends (e.g., in urban growth) 
and other disturbances that would add cumulative effects. During 
this step, the decision makers would define the spatial and temporal 
limits of the study area in order to identify appropriate factors as 
inputs to land use scenario mapping. 

Many land use map layers are becoming increasingly available 
online through state, regional, county, or city GIS clearinghouses. 


Impact Evaluation Submodel 


Resource Distribution 


Calculate cumulative 
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Intersect land use 
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Measure of forecast loss 
compared to indicators 


Preferred Land 
| Use/Mitigation 
Scenario 


Future land use layers can be extracted from the MPO’s 20+-year 
comprehensive plans or vision assessments. If these data are difficult 
or impossible to obtain, tools can be used to model future urban 
growth spatially on the basis of spatial trends or more complex 
object-based models. 

Because the land use scenario factor source maps will come from 
different organizations or programs, they will use different codes and 
names to describe similar factors. For this reason, it is imperative to 
develop acommon land use classification to be used in the analyses. 
These typically already exist for most planning jurisdictions but often 
contain considerably more detail (e.g., dozens of urban land use types) 
than are needed for a cumulative effects analysis. As described below, 
the descriptions of factors will be used by resource experts to deter- 
mine the response of resources to the factors. Therefore, it is important 
to have a classification that is informative but as simple as possible. 
Tips for creating land use classifications include the following: 


® Good classifications are simple and intuitive. 

° Classification factors should be hierarchical and nest more 
specific types within more general types. 

® Classifications should allow new factors to be incorporated as 
they are identified or changed depending on expert input. 


The outputs of this process are different scenarios. An initial or 
baseline scenario may simply reflect what land uses and land policies 
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are currently in effect. For this study, historical land use was assumed 
to be reflected in the current scenarios. Adding future land use and 
land policy data will create forecast or proposed scenarios. 


Resource Distribution Submodel 


The resource submodels include the mapped or modeled historic and 
current distribution of the natural and human environmental resources 
present in the planning area and their metrics of sustainability. This 
section provides an overview of the types of resources and then 
describes recommendations for resource and indicator selection. 


Natural Environment 


Establishing a list of environmental resources within the study area 
is the first step toward creating a database of environmental resources 
(e.g., ecosystems, habitats, species, water resources, wetlands, priority 
conservation areas, and others to be considered when evaluating 
cumulative effects). Obtaining these resource data has become 
much easier in the past 20 years. Much of the data is available online 
from state natural heritage programs, Division of Wildlife, the U.S. 
Fish and Wildlife Service, the Natural Resource Conservation Service, 
U.S. Army Corps of Engineers, MPOs, and other agencies. Historic 
occurrence data can be useful for considering effects against an 
earlier set of baseline conditions. This type of data can also inform 
planners about possible opportunities for mitigation through restora- 
tion of habitat. However, historic distribution data are rare, but 
imperilment or rarity ratings such as Endangered Species Act status 
can be used to represent the relative amount of historic loss of resources 
with such ranks. 

Certain resources may be of concern but have limited occurrence 
data. Predictive distribution maps can be very useful for calculating 
expected effects on resource distributions and avoiding surprises 
during project environmental studies that should have been considered 
during the LRTP process. 


Human Environment 


The human environment includes such features as historic proper- 
ties, low-income and minority communities, green infrastructure 
(parks, greenways, and designated open space), paleontological 
resources, and other resources valued by the local stakeholders. In 
recent years cultural resource information has become more accessible 
online through state and local government GIS data clearinghouses, 
but data security and privacy issues may make the data for some 
resources more difficult to obtain (e.g., historic resources). As with 
similarly secure environmental data, partnerships are important for 
gaining data access. 

In contrast to environmental resources that tend to decline over 
time, some cultural resources tend to increase in number. For example, 
properties that are not considered historic today may change in status 
over the life of the LRTP. However, it is likely that these changes 
cannot be predicted and the resources may have to be reassessed 
during project-level analyses. 


Selection of Resources 


The selection of resources is conducted primarily by considering 
legal requirements and stakeholder and citizen values in the planning 
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region. Specific methods for resource selection could include the 
following: 


© Identify specific resources that are required to be assessed and 
conserved by law such as wetlands and endangered species, 

© Consult with resource agency and key partner organizations 
to identify their priorities and objectives that extend beyond legal 
requirements, 

e Engage other key stakeholder groups to identify their priorities 
and objectives, and 

© Conduct civic engagement and community visioning to include 
public values in specific resources or locations. 


Resource Viability Attributes 


The initial outputs of the resource submodel are resource distribution 
maps for environmental and cultural resources in the study area. 
Several important steps remain to finalize the outputs. First, the 
response of the environmental resource to the various land use factors 
needs to be established. This information is used to determine what 
parts of a resource distribution are compatible or incompatible with 
any particular transportation and land use plan. This response can be 
categorical (beneficial, neutral, negative). 

A condition model can also be used to set a degree of impact on 
a numerical scale for a resource or group of resources. In addition, 
a distance effect can be added to account for off-site impacts, such as 
noise, light, microclimate effects, and water pollution, to characterize 
how much of a buffer these resources need in order to persist. Another 
useful resource attribute is the minimum viable occurrence size. This 
usually describes the minimum area of a resource patch or interacting 
group of patches that is considered viable. This information can be 
obtained from a variety of sources: environmental impact statements, 
game management plans, individual species studies, historic maps, 
and most productively through direct resource expert input. 


Resource Sustainability Indicators 


Recommendations are provided for setting quantitative goals for 
retaining resources. This is a key part of systematic conservation 
planning and regional cumulative effects assessment to determine 
when levels of significance of effects have been reached. Setting 
goals for resource sustainability serves four useful purposes. First, 
goals allow an evaluation of how effective a proposed plan will be in 
retaining resources at levels believed to be necessary to achieve their 
long-term viability within the region or project area. Second, setting 
explicit goals enables planners and managers to better understand 
and account for the trade-offs that often must be made in trying to 
sustain cultural and natural resources. Most decision makers are 
routinely placed in such positions by laws and policies that require 
them to make these sorts of trade-offs. Third, goals will help planners 
realize how many conservation areas are needed at regional and local 
scales and may underline how important a particular conservation 
area may be. Fourth, goals are quantifiable and document a desired 
vision of future scenarios by stakeholders, the general public, and 
resource agencies as well as planners. 

The primary purpose of setting goals is to estimate the effort that 
will be necessary to sustain resources well into the future. “Sustain” 
does not mean keeping resources at minimal levels. How much is 
really enough? What proportion of a resource needs to be conserved 
to be maintained into the future? These are among the most difficult 
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questions for planners, biologists, and resource managers to answer 
and are some of the most discomforting because there are no defin- 
itive answers. The overarching goal or vision is to identify priorities 
with all stakeholders to meet resource-specific protection goals. 
Resource experts apply scientific concepts to set sustainability goals 
but are informed by public values in the form of laws, policy, or 
stakeholder input. 


Guidelines for Setting Resource Retention Goals 


The following are some guidelines for setting resource retention goals: 


e Use recommendations from literature, recovery plans, and 
experts. 

e Use results from species—area relationships for communities 
and ecosystems. 

© Use history as a guide to the past and future. It is helpful to have 
some understanding of the historic extent of the resource. If only 
30% of historic values remain, then a goal to retain all that is left can 
be presumed justifiable. 

e Use alternative goals to explore potential optional scenarios. 
Maps of alternate scenarios can be a powerful tool to illustrate future 
options. 

e Set retention goals with safety margins, especially when little 
is known about a certain resource. 


Impact Evaluation Submodel 


The process of quantifying and evaluating the cumulative effects is 
done in the evaluation submodel by comparing resource distributions 
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with future land use scenarios and assessing effects against resource 
responses and sustainability requirements. 


Compare Forecast Resource Loss 
with Performance Indicators 


The model intersects resource distribution maps with scenario maps of 
cumulative land use factors. Each resulting combination of resources 
and factors is first assessed for resource response to determine if that 
area of intersection is compatible with resource sustainability or not. 
Next, aggregated areas of compatible resources are compared to a 
minimum required occurrence size input and, if that threshold is met, 
the area is summed to determine if the overall indicator is met. Results 
are output in both tabular report form and map graphics as shown in 
Figure 2. Specific outputs are detailed as follows: 


e Scenario performance by resource. Reports resource indicator 
performance for each evaluated scenario according to percent of 
indicator achieved and quantity of resource remaining. Resources 
not meeting the indicator threshold are flagged. 

© Scenario conflicts map. Depicts areas of the map containing 
resources that failed to meet retention goals (indicator threshold) 
and are incompatible with the scenario factors (e.g., land use) at those 
locations. Conflict areas are colored in an increasingly darker gradient 
to indicate the number of resource conflicts at those locations. 

© Resource impact maps. Intersecting incompatible factors with 
resource data will produce maps for each resource illustrating areas 
where impacts are occurring or could occur given a particular scenario. 

© Quantitative indicator reports by resource. The report provides 
detailed statistical and map outputs for each resource as it performed 
under each scenario. 


Resource Impact Indicators by Metric 


Resource Distribution 
by Metric 


Xere Serpent 
| Nana Western Fins 
| Mesie Serpentine Woodland and Chanparal 
Novthwesten Pond Tustle 
| Coltomia Annus Grasslands Alisnce 
| Caltornin Catt Flanges CMI and Canyon 
ConsetvationGoal[ Ss Pecent 
Units 
© Occustences 
(sa meters 


Spatial Intersect & 


Indicators Look up 
resource assessment 
submodels 


General| Spahal| Categories Compatiity | 


| Miewiheds Ora meters 


1 mstens 


|Meditenanesn Cavfoinis DiyMete Mixed Conilet Forest and Wo 80% of s: 
Xene Setpentine Chappaal 30% 


Element Properties - Mediterranean California Dry Mes 7 


Impact Maps 


Braibwee badd and Carnyatdile 
id Bowe Bu 
wk Carre] Okice 
ino iy 


| = Ed Mantan Pamanty tor Natural Vater 
A Biodiversity conzemation 
[Gi Natural atea recteation and open space 
Unknown specie natural ue 


4 ow ntensity working ircape 
Scenario 1 |) eit fp wok londice 
A Ed intensely managed working landicaper 
Scenario 2 [A Low-denity development 


TUnk:newn specific werking/occupied use 


Scenario 3 = Died Pema or inosine 


Scenario.4 ~—‘ Reso 
Scenario Outputs 


To Land Use/Activity 


FIGURE 2 Scenario evaluation of cumulative effects. 


- EA Maintained Primanly tot \orking/Occupied Naheat Landseap 


Quantitative Indicator Reports by _ 
Metric 


14 


Determination of Significant Impacts 


These evaluations are used by planners, resource subject matter 
experts (SMEs), and decision makers to determine if impacts are 
sufficiently significant to reject a plan option or if modifications 
could be made to create an acceptable plan either through creating 
new alternative or mitigating impacts. 


Plan Alternative Development and Mitigation 


After cumulative effects and significance of impacts are understood, 
this workflow assists MPOs, DOTs, resource experts, and other key 
stakeholders in developing plan alternatives through avoidance or 
identification of other specific mitigation needs and opportunities. 
A modification course suggests that impacts could be avoided by 
changing the land use and transportation features of conflicting sites 
to compatible uses and relocating (if necessary) those conflicting uses 
to locations that would not cause conflicts. An alternative mitigation 
course suggests that some land use and transportation features cannot 
be changed or relocated and impacts will be incurred (some of which 
may be mitigated through minimization via project design, which is 
not addressed in this workflow). This workflow would address the 
process of identifying off-site locations and methods to achieve 
resource retention goals. Equipped with this information, decision 
makers can then determine the preferred land use and mitigation 
scenario. 


TOOLS 


Tools can include software, such as decision support systems, as 
well as documented methods. This assessment focused on the former 
though the entire workflow can be considered a documented method. 
There is no supertool capable of conducting all computerized analyses 
necessary for regional cumulative impact assessment; therefore, the 
use of a toolkit approach that combines multiple tools to support an 
information workflow is suggested. The toolkit used for this study 
consists of NatureServe Vista (4) on the ArcGIS 9.x platform with 
Spatial Analyst. NatureServe Vista was designed to support cumu- 
lative effects assessment and alternatives development followed by 
ongoing use in implementation and adaptive management. Comple- 
mentary tools to this core toolkit are Community Viz (for developing 
trend models of urban development and iterating with NatureServe 
Vista to develop land use plans), N-SPECT (estimating and compar- 
ing impacts to aquatic resources), and QuantM (fine tuning planned 
transportation corridors and optimizing alternatives). However, using 
a different combination of tools could produce similar results. An 
evaluation of the capability and limitations of a range of tools is 
included in NCHRP Report 25-25 (54): Evaluate Colorado’s ACEA 
Methodology as a Mechanism for Cumulative Impacts Assessment in 
Regional Transportation Plans (5). 


RESULTS 


Three pilot MPOs in Colorado were used to test and evaluate the 
workflow and toolkit but focused on the regionwide cumulative 
effects analysis. The MPOs were selected to represent different levels 
of capacity defined primarily as the technical capability and number 
of staff available to conduct the workflow. The three MPOs included 
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the high-capacity Denver metropolitan district, the Denver Regional 
Council of Governments (DRCOG); the medium-capacity Pikes 
Peak Area Council of Governments (PPACG) (Colorado Springs and 
eastern towns of E] Paso County); and the lower-capacity Pueblo Area 
Council of Governments (PACOG). 


Current and Future Land Use for Pilot MPQs 


At 3,608 mi*, DRCOG was the largest area examined. Current land 
use was represented by a map developed in 2008 to conduct a 
municipal-level analysis. Every parcel in the region is designated 
one of five development types: urban, semiurban, semirural, rural, and 
undevelopable (the latter typically representing local, state, or federal 
lands or areas restricting development due to steep gradient, etc.). 
DRCOG projected future land use by using the 2035 urban growth 
boundary assuming all parcels would be converted to urban or 
undevelopable land use future planned parks, for example. 

The PPACG focused on El Paso County with a project area 
of 2,130 mi’. This decision was based on availability of data and 
focused on the effects of new roads and development in the I-25 
corridor. PPACG provided current and 2035 land use and trans- 
portation layers. The analysis also incorporated a second future 
scenario for transit-oriented development developed in 2007 for 
El Paso County. 

PACOG consisted of Pueblo County, containing an area of 
2,398 mi’. Data used included present scenarios from various land 
use layers and the future scenario from the 2035 Long-Range 
Transportation Plan (which included land use). 


Spatial Analysis Workflow 


The spatial analyses of the workflow were conducted as follows: 


1. Scenarios. This study used the council of governments (COGs) 
current land use maps and 2035 plans to create baseline and future 
scenarios. The plans were already produced by the COGs and rep- 
resent the best guess of urban and transportation expansion. Land 
use and management data were translated into “standard” land 
use categories. The 2035 scenarios represent cumulative scenarios 
because they add new infrastructure and urbanization to the existing 
development represented in the baseline scenario. 

2. Assessment of the road network effects. Road networks were 
provided by all MPOs for inclusion in the scenarios. These were 
incorporated into the other land use layers by using the lane width to 
buffer roads according to the Colorado Department of Transportation 
Design Guide (6). In future scenarios, road networks are expanded 
through addition of new roads or widening of existing roads to accom- 
modate projected increase in capacity needs. The buffers ranged 
from 120 ft for a two-lane highway to 300 ft for a six-lane highway. 
The recommended widths include lanes, shoulders, medians, and 
side slopes. These distances are more reflective of newer or rural 
cross-sectional roadways and likely overestimate the width of 
existing urban roadways. 

3. Resource data. Many resources used for this study have been 
subjected to considerable expert scrutiny and represent cultural and 
recreational priorities already established at the local or regional 
level. Resources were divided and categorized into cultural and 
environmental groups to create separate conservation value summary 
maps for each group. 
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4. Documentation of resource responses: Resource responses to 
factors in the scenarios are combined with spatial analyses to calculate 
cumulative impacts and map conflict zones. A resource response 
describes how the resource is expected to fair when the scenario 
factor (e.g., urbanization) spatially coincides with the resource. 
The toolkit used in this study supports both categorical responses 
(e.g., negative, neutral, beneficial) and more detailed and precision 
models of how scenario factors affect the condition of the resource 
both on and off site. The simpler categorical response was assigned 
a negative response for most resources to transportation networks 
and most urban growth factors. For this demonstration project, these 
response assignments were based on general “rules-of-thumb” and 
professional judgment. Resource responses to scenario factors can be 
fine tuned as necessary and documented as to source and reasoning. 

5. Calculation of cumulative effects. Scenario evaluations were run 
for three different significance and risk levels (high, medium, and low) 
in order to compare goal attainment and significance of impacts 
across scenarios and at different indicators of risk. 

6. Scenario evaluation map and report products. These were 
generated for each scenario and indicator risk level. Products included 
a report and several visualization layers to be used in the decision- 
making process. The report summarized, in total and by category, the 
performance of the scenario in terms of the number and percentage 
of resources that met conservation goals. The report also provided a 
detailed comparison of individual resources against the scenario: 
their original distribution and the amount and percentage that was 
retained in areas with compatible land use, both with and without 
adequate protection (reliable policies). 

7. Evaluation of site-level performance. The Vista Site Explorer 
tool was used on potential conservation areas (PCAs) to demonstrate 
the provision of an inventory of scenario factors and resources within 
the sites. Site reports include the inventory of resources and land use 
factors within the site, the number and percentage of resource occur- 
rences that are compatible and protected (i.e., areas with compatible 
land uses along with policy types that will reliably ensure that 
the actual land uses will be no more intensive than the uses indicated), 
and the achievement of resource retention goals within the site 
and across the planning region. The site query also informs whether 
the site is capable of significantly providing for resource goal 
achievement if changes are made to land use factors or policy, or 
both. It also indicates which factors are causing conflicts and the 
area of each factor. 

8. Development of alternatives or mitigating impacts. In addition 
to data on the PCAs and resources that occur, the Site Explorer tool was 
employed to demonstrate the process for creating more compatible 
scenarios. This was done by developing and saving an alternative 
(e.g., mitigation) scenario specifying more compatible land uses to 
achieve conservation of the PCA. This provides a critical feedback 
loop for transportation planners, allowing them to develop alternate 
scenarios that meet the goals and can be shared with stakeholders 
and decision makers for further input. This same tool and process 
can be used alternatively to specify resource conservation off site 
when relocating the conflicting land use factors is not feasible. 


Resource Indicators and Metrics 


In an actual LRTP assessment, a range of resources would be included 
to adequately represent biodiversity, ecosystem services, and cultural 
resources. For this study, four representative environmental and 
cultural resource areas of interest—biodiversity, priority conservation 
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areas, environmental justice populations, and green infrastructure— 
were selected to test the feasibility of conducting the regionwide 
cumulative effects analysis. 


Biodiversity 


Biodiversity included native wildlife habitat expressed as ecological 
systems, wetlands (including riparian areas), individual plant com- 
munities (more specific components of broad habitat and ecological 
systems), and rare and threatened plant, animal, and fish species. 
This assessment used the ecological systems (natural habitats) and 
rare or imperiled species that occurred within or in close proximity 
to the future urban growth and new proposed roads. 


e Example indicators for a low-risk plan 

—No loss of any regulated wetland, 

—No loss of nonjurisdictional wetland or riparian habitats, 

—No confinements, encroachment, or constriction of natural 
floodplains or drainages, 

—No more than 10% of the historic ranges of upland habitats 
are affected, and 

— 100% of known threatened or endangered species are not 
affected. 
e Example indicators for a medium-risk plan 

— Up to 25% loss of any regulated wetland, 

— Up to 25% loss of nonjurisdictional wetland or riparian 
habitats, 

— Up to 30% confinement, encroachment, or constriction of 
natural floodplains or drainages, 

—No more than 30% of the historic ranges of upland habitats 
are affected, and 

— 80% of known threatened or endangered species are not 
affected. 
e Example indicators for a high-risk plan 

— Up to 50% loss of any regulated wetland, 

—Up to 25% loss of nonjurisdictional wetland or riparian 
habitats, 

— Up to 50% confinement, encroachment, or constriction of 
natural floodplains or drainages, 

—No more than 70% of the historic ranges of upland habitats 
are affected, and 

—50% of known threatened or endangered species are not 
affected. 


Priority Conservation Areas 


Priority conservation areas consisted of mapped areas identified 
through science-based, collaborative, and reviewed processes but 
not yet officially designated for conservation. A suite of areas were 
identified as the most important sites required to protect biodiversity 
and to maintain healthy functioning ecosystems and species popu- 
lations in perpetuity. These include ecoregionwide assessments of 
biodiversity, its current status, and threats identified by the Nature 
Conservancy (TNC) and other conservation planning agencies. 
Smaller scale PCAs identified by the Colorado Natural Heritage 
Program were also included. In the DRCOG area, there were more 
than 100 PCAs identified by the Heritage Program. In the PPACG 
area, two PCAs were used, and in the PACOG area, none were 
employed for the demonstration. 
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e Example indicators for a low-risk plan 

— No impacts, encroachments, or loss of hydrologic functioning 
to any of the identified sites and 

— Where required, connectivity and wildlife movement is main- 
tained unimpeded between sites. 
e Example indicators for a medium-risk plan 

— Impacts, encroachments, or loss of hydrologic functioning of 
20% of the identified sites and 

— Connectivity and wildlife movement is lost between sites by 
20% to 40%. 
e Example indicators for a high-risk plan 

— Impacts, encroachments, or loss of hydrologic functioning to 
80% of the identified sites and 

— Connectivity and wildlife movement is lost between sites by 
60% to 80%. 


Environmental Justice Populations 


Environmental justice populations included the location of low-income, 
minority, elderly, and other vulnerable neighborhoods. 


e Example indicator for a low-risk plan. No fragmentation of 
low-income or minority communities. 

e Example indicator for a medium-risk plan. Intrusion of new 
road(s) on up to 3% of a low-income or minority community. 

e Example indicator for a high-risk plan. Intrusion of new road(s) 
on greater than 3% of a low-income or minority community. 


Green Infrastructure 


Green infrastructure (public recreational resources) included estab- 
lished ballparks, picnic areas, soccer fields, bike paths, and other green 
corridors designed for recreational and public use. This evaluation 
used currently mapped locations of established parks and bike paths 
as available for the pilot sites. 


e Example indicators for a low-risk plan 
— No impacts or loss to established bike paths and parks and 
— Effects allowable only where unavoidable. 
e Example indicators for a medium-risk plan 
— Impacts or loss up to 30% of established bike paths and parks 
and 
— Effects allowable only where unavoidable. 
e Example indicators for a high-risk plan 
— Impacts or loss up to 50% of established bike paths and parks 
and 
— Effects allowable only where unavoidable. 


Figure 3 provides a sample evaluation report. The report quantifies 
the performance of the scenario for each resource. Resources are 
reported according to categories and individually. Information includes 
(reading from left to right): the resource name (linked to more detailed 
individual resource reports), the resources’ current mapped area, the 
retention goal (indicator) used in the evaluation, a graphic indication 
of goal achievement (green: goal met; yellow: 90% to 99.9% of goal 
met; and red: <90% of goal met), amount of area expected to remain 
for each resource, and the percent of the goal achieved. 

In practice and fundamental to this process, the appropriate 
indicators and retention goals would be identified with MPO, DOT, 
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resource agency, and other stakeholder input during scoping for the 
LRTP. No public or agency scoping meetings were held for this 
study and the authors developed example indicators and risk levels 
based on past experience with similar resource issues. There are 
many other possible resource metrics and indicators of risk for each 
resource will vary from one MPO to another. 


CONCLUSION 


The following sections present the results of this research. 


Challenges and Limitations 
for Different-Size MPOs 


Inherent in the requirements of this study was that the approach be 
tested and evaluated in three MPOs of different size and capacity 
to determine the capacity limitations of its implementation. The 
primary burden in carrying out the proposed workflow is on the 
resource agencies, partner nongovernmental organizations (NGOs), 
and various SMEs that would be required to develop the key infor- 
mation inputs. The technical requirements are actually quite low as 
described earlier. 

The requirements for implementing the workflow and toolkit 
are somewhat scalable. That said, the workflow as detailed cannot 
be accomplished without involvement by resource agencies or 
NGOs that can provide key resource data and expertise in using 
resource data and conducting conservation and mitigation planning. 
Although the larger MPOs are likely to have the capacity and exper- 
tise to set up and maintain these partnerships, it will be very chal- 
lenging for low-capacity MPOs to do the same. In addition, NCHRP 
Report 25-25 (32): Linking Environmental Resource and Transporta- 
tion Planning (7) cited that transportation organizations recognize 
the importance of high-quality data, conservation planning expertise, 
and the resources needed to ensure participation by natural resource 
agencies in the transportation planning process, but resource agen- 
cies often report that they do not have sufficient staff to participate 
actively in interagency planning. 

The lack of capacity by resource agencies can be mitigated 
somewhat by involvement of science-based NGOs such as TNC, 
but in the long run, more capacity for resource agencies to routinely 
engage with transportation planning activities will be required, as 
has been identified and acknowledged elsewhere. This will require 
internal capacity building and training in methods and tools. 


Suggestions for Implementing the Workflow 


This workflow represents an appropriate level of rigor and robustness 
for conducting regional cumulative impact assessments, identifying 
mitigation strategies for decision makers, and meeting SAFETEA-LU 
requirements for integrating planning and environmental consider- 
ations. Suggestions for implementing the workflow as described are 
followed by suggestions for a reduced approach. 


e The simplest way for low-capacity MPOs and resource agencies 
to implement the workflow is to secure the necessary outside assistance 
to fill gaps in skills and capacity. NGOs and academic partners often 
have both the skills and motivation to provide such services in 
addition to many private consulting firms. 
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Summary 


Protected and Compatible Compatible 
Name Goal Met For Goal Unmet For Goal Met For Goal Unmet For 
element occurrences (4 elements) 2 elements (50%) 2 elements (50%) 
ecological systems (8 elements) 7 elements (87.5%) 1 elements (12.5%) 
pca (1 elements) 1 elements (100%) 0 elements (0%) 
floodplains (1 elements) 0 elements (0%) 1 elements (100%) 
environmental justice (2 elements) 1 elements (50%) 1 elements (50%) 
green infrastructure (4 elernents) 4 elements (100%) 0 elements (0%) 
Back to top 
Details 
element occurrences (4 elements) 
Distribution Compatible 
Area ae Goal Area ae 
Name (acres) Oces9 Condition Goal Met (acres) ccs! 9 Condition Percent of goal 
Plains Sharp-Tailed Grouse 71,668 17NaN 80 percentofarea @ 62,561 17NaN 109.12% 
Mottled Duskywing 220,933 16NaN 80 percent ofarea @) 96,922 16NaN 54.84% 
Bell's Twinpod 2,303 SNaN 80 percentofarea @ 2,010 9NaN 109.1% 
shrwers_elfin 250,424 18NaN 80 percent ofarea @ 172,793 18NaN 86.25% 


ecological systems (8 elements) 


Distribution Compatible 
Name Prewar Oces/¥9 Condition Goal an oe Oces¥9 Condition Percent of goal 
Foothill and Piedmont Grassland 155965 10670NaN 70 percent ofarea @ 124,362 7940NaN 113.91% 
Eoothill shrubland 39,980 5382NaN 70 percentofarea @ 33,319 4296NaN 119.06% 
Ponderosa Pine 378,027 10281NaN 70 percent ofarea @ 318,271 8442NaN 120.28% 
Gambels Oak Shrubland 98,044 5593NaN 70 percent ofarea @ 77,589 4454NaN 113.05% 
Shrub-dominated Wetlands 62,563  12322NaN 70 percentofarea @ 38,940 7253NaN 88.92% 
Shortgrass Prairie 88,261 6666NaN 70 percent ofarea @@ 69,670 4700NaN 112.77% 
Sand Dune Complex Shrub 2,441 672NaN 70 percent ofarea @ 1,861 508NaN 108.91% 
Sagebrush 1,032 328NaN 70 percent ofarea @ 860 269NaN 119.05% 


pea (1 elements) 


Distribution Compatible 
Area te Goal Area 4 
Name (acres) ces V9 Condition Goal Met (acres) oces/9 Condition Percent of goal 
Potential Conservation Areas 232,948 115NaN 70 percent ofarea @ 197,483 113NaN 121.11% 


floodplains (1 elements) 


Distribution Compatible 
Area aa Goal Area it 
Name (acres) Oces‘V9 Concition Goal Met (acres) occsV9 Condition Percent of goal 
Floodplains 185,145 1249NaN 70 percentofarea .f 128132 1220NaN 98.87% 


environmental justice (2 elements) 


Distribution Compatible 
Area i Goal Area i 
Name (acres) oces/¥9 Condition Goal Met (acres) occsV9 Condition Percent of goal 
High percent minority areas 85,628 264NaN 70 percentofarea @ 68,233 264NaN 113.84% 
High percent poverty areas 13,002 85NaN 70 percentofarea @ 6,997 82NaN 76.88% 


green infrastructure (4 elements) 


Distribution Compatible 
Area ae Goal Area gi 
Name (acres) Oces V9 Condition Goal Met (acres) Oces/V9 Condition Percent of goal 
open space and parks 771,190 4NaNn 70 percent ofarea @ 754,825 4NaN 139.83% 
Bike paths 11,488 _1NaN 70 percent of area @ 9,411.75 _ 1NaN 117.04% 


FIGURE 3 Sample evaluation report. 


© There are great efficiencies in streamlining the delivery of 
resource agency input into the planning process that can overcome 


agency engagement across MPOs would make the involvement of 
resource agencies and NGOs in planning much more likely and 


what must appear as a torrent of requests for project-level input. 
Given that wildlife resources, for example, tend to be similar over 
larger regions than MPOs, the resource SMEs could be tapped once 
to provide information to numerous planning activities. It would be 
helpful for natural resource and transportation agencies to identify 
existing interagency groups and plug planning activities into those 
existing interagency dialogs. Thus, the ability to consolidate resource 


efficient, thereby addressing many of the needs identified as being 
critical to a successful planning process. 

e@ Where NGOs have developed conservation priority maps, they 
are logical partners to provide information to properly assess and apply 
those maps. Where current priority maps are lacking or inadequate 
for LRTP purposes, these organizations can act as SMEs to identify 
resources and retention goals along with additional necessary inputs. 
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e A single computer or computer lab can be used to conduct all 
technical work and input of SMEs gathered either through distribution 
of an input spreadsheet to SMEs or by convening an SME workshop. 
Thus, this need not be a long burdensome process nor require a large 
information technology capability to gather and integrate the necessary 
information. 

© In cases where the MPO lacks any capacity to implement the 
proposed spatial analyses workflow, it is possible to use a significantly 
scaled back process, which can rely on SME involvement or be 
automated through a statewide system. The process in its most 
minimal form would entail overlaying (graphically with hard copies 
or through GIS) proposed LRTP alternatives with other spatial con- 
servation priority maps for the resources of interest. Areas of potential 
conflict would be identified and SMEs would identify resources that 
might be impacted and make an expert judgment about the significance 
of the impact and options for mitigation. This alternative approach 
would accomplish the rudimentary need for comparing the LRTP to 
the resources but falls far short of the recommended framework 
in terms of ability to quantify cumulative effects and to support a 
full cycle of LRTP option development, assessment, selection, and 
implementation. 


Data Availability 


A regionwide cumulative effects analysis of the LRTP appears 
tractable for most MPOs and partners in terms of data availability 
and spatial analyses. For the four representative resource areas 
considered in this study, data were readily available from the MPOs 
and resource agencies in a GIS format. For the most part, the avail- 
ability of the ecological data used in this study is typical nationwide. 
Cultural resources were represented by data from the MPOs and online 
census data. The data that MPOs have at hand vary from agency to 
agency and additional resource data may be scattered among different 
agencies. Most agencies will readily provide the data, particularly 
for biological resources. 
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Estimating Diesel Vehicle Emission 
Factors at Constant and High Speeds 
for Short Road Segments 


Hyung-Wook Choi and H. Christopher Frey 


Vehicle emission estimates with high spatial and temporal resolution are 
needed to estimate near-roadway air quality and human exposure to 
emissions. The U.S. Environmental Protection Agency’s (EPA) MOBILE6 
emission factor model is based on test cycles with transient speeds and 
durations on the order of 10 min. MOBILE6 does not report emission 
factors for average speeds higher than 65 mph. However, for near- 
roadway studies, emission factors are needed for short highway segments 
that represent only a few seconds of vehicle travel time at approxi- 
mately constant speed and speeds greater than 65 mph. Constant-speed 
and high-speed correction factors for nitrogen oxides, hydrocarbons, 
carbon dioxide (CO), and carbon monoxide were developed on the 
basis of 59,286 s of EPA dynamometer emissions data for diesel vehi- 
cles from which speed—acceleration modal models were derived. The 
constant speed correction factor is the ratio of the emission factor at 
constant speed to the emissions factor during transient cycles with an 
equivalent average speed. For example, the constant speed correction 
factor for CO, increases from 0.71 to 1 as speed increases from 31 to 
78 mph. High-speed correction factors are based on the ratio of emis- 
sion factors at a constant speed greater than 65 mph to emission fac- 
tors at a constant speed of 65 mph. For example, at 80 mph, the 
high-speed correction factor is approximately 1.5 for CO,. Sensitivity 
analysis of emission estimates to these correction factors was conducted 
for speeds of 40 to 80 mph. 


Highway diesel vehicles contribute 16% of nitrogen oxides (NO,) 
nationally (7). During the 1990s, the sales of heavy-duty pickup 
trucks increased approximately 38% (2). Recently, there has been 
interest in improving the quantification of human exposure to air 
pollutants near roadways (3). Vehicle emissions are needed at high 
spatial and temporal resolution to estimate near-roadway air quality 
and human exposures. An exposure scenario of concern is a school 
or residential area located near a high traffic volume highway. 
Near-roadway exposures are associated with relatively short air 
pollutant transport distances. Therefore, there is a need to characterize 
emissions and air quality for relatively short segments of highway. 
Depending on the time of day, travel direction, and traffic volume, 
vehicle speeds on such segments can be well in excess of posted 
speed limits. Furthermore, such segments represent only afew seconds 
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of vehicle travel, during which vehicles may be traveling at approx- 
imately constant speed, depending on traffic conditions. In contrast, 
existing emission factor models, such as MOBILES, are based on 
test cycles with transient speeds and durations on the order of 10 min. 
MOBILEG6 does not report emission factors for average speeds 
greater than 65 mph. Therefore, there is a need to develop an emis- 
sion factor estimation methodology for speeds higher than 65 mph 
and for constant, rather than transient, speed (4). The objective of 
this paper is to develop such a methodology and demonstrate its use 
for diesel vehicles. 


METHODOLOGY 


To estimate emission factors based on MOBILE6 at speeds greater 
than 65 mph for short segments of highway, two correction factors 
were developed. These factors were derived based on speed— 
acceleration modal models for heavy-duty diesel vehicles (HDDVs), 
using U.S. Environmental Protection Agency (EPA) second-by-second 
dynamometer emissions data. 

Emission factors for eight driving cycles that have different 
average speeds were estimated using the speed—acceleration modal 
models. The constant speed correction factor is based on the ratio 
of the emission factor of a given pollutant at constant speed to that 
for an average emission factor of a transient driving cycle with the 
same average speed. The high-speed correction factor is the ratio 
of an emission factor at an average speed greater than 65 mph to 
that at 65 mph. 


Speed-Acceleration Modal Emission Rates 


Vehicle emissions are sensitive to vehicle speed and acceleration 
(5, 6). Speed—acceleration modes can be used to represent a wide 
variety of driving cycles, because engine load depends on speed and 
acceleration (7, 8). 

To estimate constant and high-speed correction factors, speed— 
acceleration modal models for NO,, hydrocarbons (HC), carbon 
monoxide (CO), and carbon dioxide (CO) were developed based on 
59,286 s of chassis dynamometer data from the EPA Mobile Source 
Observation Database (MSOD) for five diesel vehicles (9). Data 
were not available on a second-by-second basis for particulate matter 
emissions. 

These data were selected for several reasons. Second-by-second 
data are needed to develop a modal emissions model that can be 
used to estimate emission rates for transient cycles and for constant 
speed. Chassis dynamometer data are associated with specific values 
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of speed and acceleration. In contrast, engine dynamometer data are 
based on engine shaft output in units of brake horsepower hour 
and do not take into account loads associated with the power train. 
However, there are few chassis dynamometer data in the MSOD 
for HDDVs for which second-by-second data are available. Most 
dynamometer data are reported only as an average over an entire cycle 
or continuous portions (“bags”) of a cycle. There are few heavy-duty 
chassis dynamometer facilities that are in use and no second-by-second 
data were available from MSOD from such facilities. Hence, only 
data from light-duty chassis dynamometers were available. 

The five vehicles selected were the largest that could be tested on 
a light-duty chassis dynamometer. The characteristics of the tested 
vehicles are given in Table |. With gross vehicle weight (GVW) of 
8,800 to 9,900 lbs, these vehicles are slightly above the threshold 
of 8,500 lb GVW that defines the category of HDDVs (/0). Of the 
available diesel vehicle second-by-second chassis dynamometer data, 
the most recent available model years were selected. 

The purpose of using the data for the five selected vehicles is to 
develop correction factors on a relative basis. The assumption here is 
that the relative trends in emissions rates are similar for these vehicles 
as they are for other HDDVs. As noted in the results section, the 
relative trends in emission rates versus speed and acceleration were 
similar for these five vehicles. These trends are likely to be similar to 
those of other diesel vehicles. Furthermore, the five selected vehicles 
were used by EPA as the basis for developing the HDDV speed cor- 
rection factor in MOBILE®. The correction factors developed here 
are applied to a base emission rate obtained from the MOBILE6 model 
that is based on a representative fleet average. Thus, the absolute 
value of the emission factors estimated here is not based on the five 
vehicles used for developing the correction factors. 

For each selected truck, there are 11,272 to 12,354 s of emissions 
data for several test cycles, including FTP, LA92, US06, ART-CD, 
FWY-E, FWY-G, FWY-High, and NYCC. These cycles have wide 
variation in second-by-second speed and acceleration and thus 
provide a robust basis for inferring correction factors. 

To calculate average emission rates for each speed—acceleration 
mode, 16 speed bins and 5 acceleration bins were created for a total 
of 80 modes. The speed mode ranged from 0 to 80 mph in 5-mph 
increments. Acceleration modes are defined as follows: 


© High acceleration: acceleration = 2 mph/s, 

e Low acceleration: 0.5 mph/s < acceleration < 2 mph/s, 
© Cruise: —0.5 mph/s < acceleration < 0.5 mph/s, 

© Low deceleration: —2 < acceleration < —0.5 mph/s, and 
© High deceleration: acceleration < —2 mph/s. 


TABLE 1 Heavy-Duty Diesel Vehicle Information 
for Speed—Acceleration Modal Models 


Gross 

Engine Engine Vehicle 

Power Displacement Weight 
Make Model (HP) (L) (Ib) 
Ford F250 235 73 8,800 
Ford F350 4 x 4 235 43 9,900 
Ford F350 4x 4 235 7.3 9,900 
Dodge Ram 2,500 230 5.9 8,800 
Dodge Ram 2,500 4 x 4 230 5.9 8,800 


Note: All vehicles are 1999 model year. 
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This methodology is somewhat different from, but conceptually 
similar to, that used in EPA’s recently released Draft MOVES 2009 
model (//). The MOVES model uses a modal approach based on 
vehicle specific power, which is a function of speed, acceleration, and 
road grade. A speed—acceleration matrix approach can account for road 
grade effects by adding a correction to the acceleration estimate (6). 


Driving Cycles 


To assess trends in emission factors versus average cycle speed, four 
EPA driving cycles developed for the MOBILE6 model were selected. 
These cycles include LOS E, LOS D, LOS A-C, and high-speed, 
with average speeds of 31, 53, 60, and 63 mph, respectively (/2, /3). 
These cycles represent highways with levels of service (LOS) ranging 
from A to E, plus a slightly higher speed free-flow cycle. 

To estimate average emission factors for higher speeds, four addi- 
tional cycles were selected based on results of real-world emission 
measurements conducted using a portable emission measurement 
system in the Research Triangle Park, North Carolina area (/4). These 
cycles are denoted as R40, R66, R70, and R78, with average speeds of 
40, 66, 70, and 78 mph, respectively, and were measured on interstate 
highways under varying levels of traffic congestion. One of these 
cycles overlaps with the speed range of the MOBILE6 cycles, to 
enable evaluation of the consistency of the trend in average emission 
factor versus average speed within the range of speeds represented 
by MOBILE®. The other three cycles enable estimation of average 
emission rates at speeds higher than those included in MOBILE6. 
Table 2 provides a description of the EPA facility-specific driving 
cycles and real-world driving cycles. 

As an example, time distributions among the speed—acceleration 
modes for the LOS E, R40, high-speed, and R70 driving cycles are 
shown in Figure 1. The most frequent mode for each cycle differs 
because of driving patterns. For example, for the LOS-E cycle, which 
has an average cycle speed of 31 mph, the mode for speed range from 
20 to 25 mph at cruise occurs most frequently. For the R40 cycle, 
the most frequent speed mode was from 40 to 45 mph at cruise. For 
the high-speed cycle, modes for speeds from 55 to 70 at cruise are the 
most frequent. Since the R70 cycle is a highway cycle with high 
average speed, the most frequent mode is for speeds from 70 to 75 mph 
at cruise. 


Constant-Speed Correction Factor 


When vehicles operate at very high speeds on short segments of inter- 
states, it is hypothesized that they tend to operate at approximately 
constant speed. A comparison of the real-world link-based driving 
cycles at high average speed, such as 70 and 78 mph, to those at lower 
average speed is consistent with this hypothesis, in that there is less 
variation in second-by-second speed as average speed increases. 
Because near-roadway air quality studies might be conducted in 
areas influenced by segments of roadway of only 1,000 ft or less, 
an assumption of approximately constant vehicle speed may be 
reasonable. 

However, neither MOBILE6 nor the real-world driving cycles 
represent constant speed for such a short segment of highway. 
Therefore, a correction factor was developed comparing vehicle 
operation at a constant speed to vehicle operation at an equivalent 
average speed for a time-varying driving cycle. As average speed 
increases, this ratio is expected to approach unity. The vehicle 
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TABLE 2 Description of Facility-Specific and Real-World Driving Cycles 


Average Maximum 

Speed Speed 
Driving Cycle (mph) (mph) 
Freeway, LOS E* 31 63 
R40° 40 50 
Freeway, LOS D“ 53 7\ 
Freeway, LOS A-C* 60 7) 
Freeway, high-speed“ 63 74 
R66” 66 70 
R70” 70 74 
R78” 78 83 


“Environmental Protection Agency’s test cycles (/3). 
Real-world driving cycles (/4). 
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FIGURE 1 


Time distribution of speed—acceleration modes for (a) LOS E, (b) R40, (c) high-speed, and (d) R7O cycles. 


22 


emission rate at constant speed is estimated based on assuming 
zero acceleration and zero road grade and use of the corresponding 
speed—acceleration modal average emission rate. The constant-speed 
correction factor (R-) is the ratio of an emission factor at constant 
speed to an average emission factor for a driving cycle with average 
speed equal to the constant speed: 


EF 


Rex = ——— (1) 


yi EF, j x 16 


m 


where 


Re, = ratio for emission factor (grams per mile) at constant 
speed s to cycle average emission factor for average speed s 
for species j (pollutant species: NO,, HC, CO, and CO;), 

EF, ; = emission factor (grams per mile) of species j based on 
speed—acceleration modal model at constant speed s (mph) 
and zero acceleration, 

EF,,,; = emission factor (grams per mile) of species j and speed— 
acceleration mode m, and 

F} = fraction of time spent in speed—acceleration mode m at 
driving cycle with average speed s (mph). 


High-Speed Correction Factor 


The high-speed correction factor (Ry) is the ratio of modal average 
emission rates for each speed mode at cruise to the modal average 
emission rate for the cruise mode with a speed range of 60 to 65 mph. 
Using the speed—acceleration modal model, modal average emission 
factors were used for each of the 16 speed modes for cruise to 
estimate emission factors for speeds other than 65 mph. Trends in 
average emission factors versus modal average speeds for each speed 
mode were characterized for speed modes ranging from 3 to 80 mph. 
In order to estimate high-speed correction factors, the trend in mode 
average emission factor versus median speed for each speed mode 
was quantified by fitting a regression model, thereby enabling 
estimation of average emission rates for speeds as high as 78 mph. 
These trends are normalized to the emission factor estimated at an 
average speed of 63 mph, corresponding to the speed mode for 
60 to 65 mph at cruise. 


63 _ EF, (2) 


Husj EF 


63. 


where 


Ri; = ratio of average emission factor at average speed s (mph) 

for each speed mode to average emission factor for speed 

mode at average speed of 63 mph for cruise acceleration 

mode for species /, 

emission factor (grams per mile) of species j at average 

speed s (mph) for cruise based on speed—acceleration modal 

model, and 

EF,3,; = emission factor (grams per mile) of species j at average 
speed of 63 mph, which is midpoint of the speed range from 
60 to 65 mph, for cruise based on the speed—acceleration 
modal model. 


EF, aA 


When the MOBILE6 input speed is greater than 65 mph, MOBILE6 
reports the same emission rates as for 65 mph. Therefore, it is not 
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necessary to correct emission rates for speeds less than 65 mph. For 
speeds greater than 65 mph, the high-speed correction factor can be 
used to correct emission factors for speeds higher than 63 mph. 

The high-speed correction factor is estimated relative to a datum for 
a MOBILE6 driving cycle. Although MOBILE6 produces different 
emission factors for speeds up to 65 mph, the highest average speed 
among the driving cycles used to develop the model is 63 mph. 
Therefore, the high-speed correction factor is developed by reference 
to an average speed of 63 mph. As a first step in developing the speed 
correction, a regression model was fit to describe variations in the 
emission factor versus average speed using 63 mph as a datum. 
The final correction factor was estimated using 65 mph, rather than 
63 mph, as a reference point: 


EE 
Ro = Fes EF,,,; (EF, I ) ( 3) 
As, 55 a 
Rea EF, 5 (EE. <, ) 
EF 3. j 


where 


RR = high-speed correction factor for 63 mph basis; ratio of 
emission factor at speed i to emission factor at 63 mph for 
cruise acceleration mode for species j; and 

RP. = high-speed correction factor for 65 mph basis; ratio of 
emission factor at speed i to emission factor at 65 mph for 
cruise acceleration mode for species /. 


RESULTS AND DISCUSSION 


Results are presented in this section for the speed—acceleration modal 
model, constant-speed correction factor, high-speed correction 
factor, and a case study of how the two factors are used together to 
estimate emission factors at constant high speed, such as to support 
near-roadway air quality studies. 


Speed-Acceleration Modal Emission Rates 


Figure 2 shows speed—acceleration modal emission rates for diesel 
vehicle. These are based on pooling the data from the five identified 
vehicles for which chassis dynamometer data were available on 
a second-by-second basis for the MOBILE6 speed correction 
driving cycles. Since the trends of emission factors versus speed— 
acceleration modes are similar among each of the five vehicles, 
the average emission rates of five diesel trucks were used for each 
speed—acceleration mode. 

The average emission rates were found to differ significantly 
between speed—acceleration modes. In general, modal emission rates 
are significantly higher at high speed and high acceleration than those 
at low speed and deceleration. NO, emission rates tend to increase as 
speed and acceleration increase. For speeds greater than 75 mph, the 
NO, emission rate is approximately a factor of 5 greater than that of 
the speed range from 0 to 5 mph. When high acceleration is compared 
to high deceleration for NO,, the emission rates vary by approximately 
a factor of 1.2 for the speed modes ranging from 0 to 5 mph. As 
speed increases, NO, emission rate is more sensitive to increases 
in acceleration. For example, the NO, emission rate is a factor of 
5 greater for high acceleration than for high deceleration at speeds 
from 70 to 75 mph. 
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FIGURE 2 Speed-acceleration matrix profiles for average emission rates of (a) NO,, (b) HC, (c) CO, and (d) COs, based on 62,419 s of 


data for five diesel vehicles. 


In most cases, the emission rates tend to increase with speed and 
acceleration. For example, for NO, emissions, the response surface 
shown in Figure 2a monotonically increases with both speed and 
acceleration. CO, emission rate, which is a surrogate for fuel flow rate, 
also increases monotonically. The NO, and CO, emissions are very 
sensitive to differences in speed and acceleration. For example, when 
comparing extreme modes for the lowest speed and acceleration to 
the highest speed and acceleration, the NO, emission rate varies by 
a factor of 10 and the CO, emission factor varies by a factor of 15. 
The apparent peak in CO, emission rate at 68 mph and high accel- 
eration is an artifact of small sample size. This artifact has negligi- 
ble effect on results because this particular speed—acceleration mode 
has very little weight in any of the driving cycles used to develop 
correction factors. 

The HC emission factor is relatively less sensitive to variations in 
speed and acceleration compared to NO, and CO. HC emission rates 
tend to be more sensitive to air-to-fuel ratio than other pollutants 
(/5, 16). Because diesel engines operate with substantial excess air 
over all engine load ranges, the HC emissions do not vary strongly. 


For example, comparing the lowest speed and acceleration mode to 
the highest, the emission rate varies by a factor of only 4.7, much 
lower than that for NO, and CO. At lower speeds, the HC emission 
rate is weakly sensitive to acceleration. 

The CO emission rate tends to increase monotonically with 
speed. At low speeds, the CO emission rate has little sensitivity 
to acceleration. Some of the modal average emission rates for 
CO are based on very small sample sizes. For example, at high 
acceleration and average speeds of 48 to 68 mph, the sample sizes 
are less than 37. Excluding these modes, the CO emission rate 
varies by a factor of 2.2 when comparing highest to lowest modal 
emission rates. 


Constant-Speed Correction Factor 


The results for the constant-speed correction factor (R-) are shown 
in Figure 3. In general, as average speed increases, there is less fluc- 
tuation in speed on a second-by-second basis. In order to have very 
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FIGURE 3 Constant-speed correction factors (A,) based on ratio of constant-speed emission factors 
to cycle average emission factors for the same driving cycle speed on a distance basis: (a) NO,, (b) HC, 


(c) CO, and (d) COz. 


high average speed, such as 78 mph, a vehicle must consistently 
be traveling at speeds close to this average. However, for a vehicle 
traveling at 30 mph on an interstate highway, speeds could vary 
from stop to approximately free-flow speed, depending on traffic 
conditions. Thus, as expected, the constant-speed correction factor 
tends to increase with average speed and to asymptotically approach 
unity, for most pollutants. 

For NO, and HC, the constant-speed correction factors increase 
with average speed for both pollutants. Rc for NO, is highly sensitive 
to speed but weakly sensitive for HC. Furthermore, Rc asymptotically 
approaches a value of 1. For NO,, there are emission penalties at low 
speeds for the fluctuations associated with typical driving cycles 
compared to constant speed. For example, the NO, emission factor 
at a constant speed of 31 mph is more than 14% less than the emission 
rate for a driving cycle with speed variations that has an average speed 
of 31 mph. For HC, at 31 mph, the emissions are approximately 4% 
lower. At 78 mph, the NO, emission factors at constant speed are 
similar to those from speed-varying driving cycles with the same 
average speed. 

The results for Re for CO are unique compared with the other 
three pollutants. The value of Re is relatively insensitive to speed. 
Rc has a value of approximately | at all speed ranges. As shown 
in the speed—acceleration modal emission rates earlier, the CO 
emission rate is less sensitive to vehicle acceleration than is the case 
for NO, and HC. 

For COs, Rereaches a value of approximately | at speeds of 80 mph. 
This implies that at such speeds, there is little difference in CO; 
emission rate and fuel economy between driving at constant speed 
versus driving with typically small fluctuations in speed that are 
characteristic of these average speeds. However, at lower speeds, 
such as for 31 to 60 mph, R- varies from approximately 0.7 to 0.9, 
indicating that there are benefits to maintaining a constant speed 
rather than having fluctuations in speed. 


High-Speed Correction Factor 


The results for the distance-based high-speed correction factor (Ry) 
at speeds greater than 63 mph are shown in Figure 4 for NO,, HC, CO, 
and CO,, along with data illustrating the trend in emission factors for a 
wide range of speeds. R, is estimated using the speed—acceleration- 
based modal emission models under cruise modes. By definition, 
R,, is 1 at an average speed of 63 mph. Because the goal here is to 
develop a model for high speeds, a trend line was fit to the emission 
ratios using the speed—acceleration mode at 63 mph as a datum and 
inclusive of cruising modes at modal average speeds of 63 mph 
and higher. 

For NO,, Ry is not sensitive to high speed. For example, Ry 
for NO, is 0.97 at 78 mph. While the NO, emission rate increases 
according to the speed—acceleration modal model at cruise as speed 
increases, NO, emissions per distance of vehicle travel are approx- 
imately constant since the increase of the time-based emission rates 
is approximately linear with respect to an increase in speed. 

For HC, R,, slightly decreases as speed increases at high speed. 
For example, Ry for HC is 0.87 at 78 mph. For CO, R,, increases as 
speed increases above 63 mph. For example, for an average speed 
of 78 mph compared to 63 mph, the average emission rate for CO is 
approximately 26% higher. 

For CO;, Ry increases from approximately | to 1.5 for average 
speeds from 63 to 78 mph. Since typically over 99% of the carbon 
in the fuel is converted to CO:, the results for CO, imply that 
optimal fuel economy is obtained at average speeds of approxi- 
mately 28 to 58 mph, with degradation of fuel economy at very high 
speed. Typically, diesel vehicles have relatively low fuel economy 
above approximately 60 mph (/7). For low speeds, the CO, emission 
factor decreases as speed increases from 8 to 28 mph and tends to 
be approximately constant at speeds from 28 to 58 mph. 

Overall, the trends in the ratio of emission factors for CO and CO, 
at high speeds are qualitatively consistent with expectations, theory, 
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FIGURE 4 High constant-speed correction factors (A) for (a) NO,, (b) HC, (c) CO, and (a) CO, 
based on the ratio of distance-based emission factors to emission factors at 63 mph during cruise. 


or experience. In other studies, the emission rates of CO and CO, are 
sensitive to vehicle speed at high speeds such as 60 to 80 mph. 
However, the NO, and HC emission factors are relatively insensitive 
to speeds above 63 mph (/8). Since HC emission rates are asso- 
ciated primarily with the air-to-fuel ratio (6), which for diesel 
engines is based on excess air over all load ranges, HC emissions 
tend to be less sensitive to speed than other pollutants. Similar to 
results in Figure 4a for NO,, Weinblatt et al. report that the NO, 
emission rate per distance slightly decreases as speed increases 
above 60 mph (/9). 


Sensitivity Analysis of High-Speed 
and Constant-Speed Correction Factors 


The application of the correction factors for constant speed and high 
constant speed are illustrated based on a sensitivity analysis. The 
results of the analysis are shown in Figure 5 for vehicle speeds varying 
from 40 mph to 80 mph. The base emission factor from MOBILE6 
is shown in the figure. This base emission factor is used to estimate 
a fleet average emission rate and takes into account data for HDDVs 
of various sizes. The correction factors inferred from the second- 
by-second chassis dynamometer data are used only to estimate the 
relative changes in emission rate as quantified using correction 
factors. MOBILE6 does not predict any change in the emission rate 
as average speed increases above 65 mph. Therefore, the base emis- 
sion factors shown for speeds of 70 and 80 mph are the same for each 
pollutant. 

The values of R- are shown for speeds less than 63 mph. For speeds 
of greater than 63 mph, only Ry, is used. 

Except for CO, Re is typically the smallest at the lowest average 
speed shown at 40 mph and approaches a value of | as speed increases 
to 80 mph. For CO, emission rates under cruise are approximately the 
same values as those under acceleration for each speed mode; thus, 


Rc is less sensitive to speed than for other pollutants and generally 
remains approximately constant. 

For speeds of 70 and 80 mph, Ry generally is greater than | for 
CO and CO.. R, is the most sensitive to higher speed for CO), which 
is also highly correlated with the rate of fuel consumption. 

The corrected emission factor represents an estimate of the 
emission factor at constant speed for the indicated speed. The effect 
of Rc on the corrected emission factor is significant for NO, and CO, 
for speeds of 40 to 60 mph. 

The NO, emission factor is insensitive to the high-speed correction 
factor. For example, the NO, emission factor is 3% lower than base 
emission factor at 80 mph. For low speeds, the corrected emission 
factor at 40 mph is 14% lower than the base emission factor. 

For HC, both correction factors have generally less influence 
compared to the other pollutants. For example, the corrected emission 
factor is 2% lower than the base emission factor at 60 mph. However, 
at 80 mph, the corrected emission factor is 16% lower than the base 
emission factor. 

For CO, the correction factors are relatively insensitive for speeds 
ranging from 40 to 70 mph, while the high-speed correction factor 
is the dominant influence on the corrected emission factor for a speed 
of 80 mph. At 80 mph, the corrected CO emission factor is 44% 
higher than the base emission factor. For CO», which is indicative 
of fuel consumption, the corrected emission factor is approximately 
24% lower at 40 mph and 51% higher at 80 mph. 


CONCLUSIONS 


The assessment of near-roadway air quality and human exposure to 
air pollutants is expected to receive increasing attention in both the 
research and regulatory communities. For example, there is increasing 
interest in quantification of near-roadway CO concentrations to 
support the technical basis for revising the National Ambient Air 
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FIGURE 5 Comparison of base emission factors from MOBILE6 with corrected emission factors based on constant- and high-speed 
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Quality Standards. Hence, factors that lead to variability in on-road 
emissions and that influence near-roadway air quality and exposure 
are of increasing concern. 

The methodology demonstrated here can be applied to estimate 
emission factors for real-world link-based situations in which vehicles 
are driving at constant speed, high average speed, or both. A similar 
methodology can be applied with the expected final release of EPA’s 
MOVES model, which also will have modal emission rates that can 
be weighted to represent a wide variety of driving cycles. The key 
limitations of this work are the relatively small sample sizes of data 
for some of the speed—acceleration modes and the limited sample of 
vehicles for which second-by-second data were available for a wide 
variety of driving cycles. However, since these data are used only 
to estimate relative changes, they are considered to provide robust 
insights. The correction factors developed here are representative of 
vehicles subject to moderate emissions standards. However, the data 
may not be representative of vehicles certified to the most recent 
stringent Tier 3 and 4 emissions standards that are equipped with 
diesel particulate filters or selective catalytic reduction. Over time, 
these data limitations are expected to be addressed as second-by- 
second data become available from a variety of sources, including 
in-use measurements with portable emission measurement systems. 

There is currently a lack of second-by-second data for particulate 
matter emissions because there is not yet an accepted method for 
such measurements. This data gap could be filled by development 


of new measurement methods or by using real-time measurement 
techniques to allocate cycle average filter-based measurements to a 
second-by-second basis. 

The key findings are that distance-based emission rates for diesel 
vehicles are estimated to be significantly different at high constant 
speed compared to estimates that are obtained from the MOBILE6 
model. This is particularly the case for CO and CO, emission factors. 
For example, at a constant speed of 80 mph, the estimated emission 
factors are approximately 40% to 50% higher than those estimated 
using MOBILE®. For NO, and HC emission factors, the differences 
are less pronounced, and the high constant-speed emission factors are 
estimated to be slightly lower than those obtained using MOBILE®. 

Other useful findings are that diesel vehicle emission rates at 
constant speed tend to be lower than those at transient speeds for 
NO,, HC, and CO;, except at very high speed. For very high speeds, 
and for CO emission rates at all speeds, there is little difference 
in emission rates when comparing transient versus constant speed 
operations. The findings for NO,, HC, and CO; imply that traffic 
management or driver behavior efforts that lead to constant-speed 
vehicle operations could reduce emissions and fuel use by as much 
as 15% to 30% without any change in vehicle miles traveled. 

The results obtained using speed—acceleration modal emission rate 
models enable assessment of transient versus constant speed opera- 
tions and of operations at varying constant speeds. An implication 
of the latter is that distance-based emission and fuel use rates tend 
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to be the lowest for moderate ranges of speed, such as 30 to 60 mph. 
Although these insights are not new, they are derived using a different 
methodology than that which underlies the MOBILE6 model and 
thus provide additional confidence regarding the robustness of 
the insights. 

The methodology demonstrated here is applicable to the estimation 
of emissions on short segments of highway for which vehicles may 
be driving at approximately constant speed. Such estimates are useful 
as part of assessment of emissions and air quality in the near vicinity 
of a roadway. 
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Effects of Transportation and 
Land Use Policies on Air Quality 


A Case Study in Austin, Texas 


Elena C. McDonald-Buller, Alba Webb, Kara M. Kockelman, 


and Bin (Brenda) Zhou 


The effects of land use and transportation policies on emissions, ozone 
concentrations, and a metric for population exposure were investigated 
for Austin, Texas. Three distinct transportation and land use scenarios 
were examined with a gravity-based land use model and a standard 
travel demand model: a business-as-usual scenario, a road pricing policy 
that included a flat-rate carbon-based tax and congestion pricing of 
all Austin-area freeways, and an urban growth boundary policy. Two 
scenarios, a business-as-usual scenario and a flat-rate carbon-based tax 
and congestion pricing policy, were also examined with a novel, parcel- 
level land use change and land use intensity model and a standard travel 
demand model. Transportation and land use policies were predicted to 
have substantial effects on travel and on emissions of ozone precursors. 
Emissions of ozone precursors decreased markedly for all 2030 scenarios 
because of the implementation of more stringent federal motor vehicle 
emission control programs. Transportation and land use policies were 
predicted to lead to greater reductions of emissions of ozone precursors 
relative to the business-as-usual scenario. The effects of such policies on 
ozone concentrations and population exposure vary. Lower exposure 
was predicted for the road pricing scenarios, but a penalty appeared to 
exist in the form of relatively higher exposure predicted for the urban 
growth boundary on some days. This analysis indicates the potential 
complexity of planning for urban growth and equity and the need for 
integrated modeling and policy evaluation efforts. 


Land use and land cover changes caused by urbanization affect air 
quality through changes in biogenic and anthropogenic emissions, 
heat and energy balances and urban climate, and dry deposition of 
pollutants. Evaluating the impacts of urbanization on future emissions, 
air quality, and human exposure to pollution requires consideration 
of transportation, land use, and environmental policies, technological 
advances, and changes in demographics and human activity pat- 
terns. Previous studies have examined the effects of uncertainty in 
population and employment control totals on vehicle emissions (/) 
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as well as the effects of certain land use and transport policies (2) on 
such emissions. Other studies have examined the effects of land use 
change on future air quality by isolating the impacts due to changes 
in surface meteorology and anthropogenic and biogenic emissions 
under one or more growth scenarios (3-5). 

Song et al. (5) explored the impacts of alternative regional devel- 
opment patterns on anthropogenic and biogenic emissions of ozone 
precursors and ozone concentrations using four visions of future 
land use in Austin, Texas. Although all visions were based on an 
assumed doubling of population in 20 to 40 years from 2001, they 
assumed different spatial patterns of development ranging from a 
continuation of the region’s historical trend of low-density, separate- 
use development; to corridor-oriented development; to high-density, 
balanced-use development and redevelopment in existing areas. 
Emissions and their spatial allocation were determined for each 
development pattern and used to predict hourly ozone concentrations 
under the same meteorological conditions. Differences in hourly 
ozone concentrations due to changes in emissions between 2007 
and the future case scenarios were primarily the result of more 
stringent federal motor vehicle emission control programs, includ- 
ing the Environment Protection Agency’s (EPA’s) Tier 2 rules and 
the 2007 heavy-duty highway rule. These differences in the magnitude 
of emissions produced greater changes in air quality than differ- 
ences in regional development patterns between the four scenarios, 
although the effects of urbanization patterns were distinguishable. 
Using the same four visions of future growth, McDonald-Buller et al. 
(6) found that concentrated high-density development in existing 
towns with balanced-use zoning produced lower exposure to high 
ozone concentrations in the Austin area than a more typical urban 
sprawl pattern. 

Future emission scenarios prepared for air quality planning typically 
account for changes in the magnitude of emissions due to recognized 
environmental regulations, technological changes, and forecasted 
population growth, but do not consider regional transportation 
and land use policies. The five-county Austin—Round Rock metro- 
politan statistical area (MSA), including Travis, Williamson, Bastrop, 
Hayes, and Caldwell Counties, is representative of many rapidly 
growing urban areas in the United States that are challenged with 
improving air quality that is on the cusp of attainment with the National 
Ambient Air Quality Standard (NAAQS) for ozone while considering 
the spatial patterns and equity of future growth. In the work of Song 
et al. (5), the air quality impacts of different urban growth scenarios 
based on a community-driven visioning process known as Envision 
Central Texas (ECT) were compared. In our continued focus on the 
Austin—Round Rock MSA, two integrated transportation—land use 
models (ITLUMs) that were developed by Zhou and Kockelman (7) 
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and Zhou et al. (8) are used in conjunction with the comprehensive 
air quality model with extensions (CAMx; 9) to evaluate the impacts 
of transportation and land use policies on emissions of nitrogen 
oxides (NO,) and volatile organic compounds (VOCs) and daily 
maximum and hourly episodic ozone concentrations. Three policies 
were considered: a business-as-usual (BAU) scenario, congestion 
pricing plus carbon tax (CPCT) scenario, and an urban growth 
boundary (UGB) scenario. 


INTEGRATED TRANSPORTATION-LAND 
USE MODELING 


Year 2030 travel conditions and household and employment distri- 
butions for the Austin-Round Rock MSA were predicted with two 
ITLUMs, as described in detail by Zhou et al. (8) and by Zhou and 
Kockelman (7), and are thus only briefly reviewed here. The first 
utilizes a gravity-based land use model (G-LUM) that is a variation 
of Steven Putman’s Integrated Transportation—Land Use Package and 
areasonably standard sequential travel demand model (TDM) largely 
based on Smart Mobility’s specification. The second, a new land use 
change and land use intensity (LUC-LUI) model, examines land use 
change at the parcel level and applies systems of equations for land 
use intensity (household and employment counts by type) at the level 
of travel analysis zones (TAZs). 

Figure la shows the interactions between the three G-LUM 
components and the TDM. In this integrated modeling framework, 
the employment allocation (EMPLOC) model runs before the resi- 
dential allocation (RESLOC) model, followed by the land use density 
(LUDENSITY) model and the TDM. The EMPLOC model output 
(employment by category by zone) serves as an input to the RESLOC. 
Predicted household and employment levels (by category and type) 
are LUDENSITY’s primary inputs. The TDM is applied immediately 
after allocating households and jobs (and estimating land consump- 
tion levels), in order to update travel times between zones and the 
relative attractiveness of each zone. The model system predicts 
the spatial distributions of six household types [categorized by 
number of workers (0, 1, and 2+) and presence of children] and three 
employment categories (basic, retail, and service jobs). Model data 
requirements and calibration are described by Zhou et al. (8). The 
models were applied at 5-year intervals to obtain 2030 forecasts 
with the inclusion of several restrictions: (a) households and jobs in 
each TAZ were not allowed to fall by more than 5% in any (5-year) 
time interval; (b) growth in these counts was limited by land avail- 
ability; and (c) in fully developed TAZs, households and jobs were 
not allowed to increase by more than 5% per time interval. 

In addition to the G-LUM, a hybrid land use model system con- 
sisting of two model components operated on individual parcel and 
zonal levels was applied to the five-county Austin area. Figure 1b 
shows the model components and their relationship. The land use 
change (LUC) model determines how individual parcels evolve: 
whether an undeveloped parcel will subdivide into several smaller 
parcels during a specified time interval (e.g., 5 years in this study) 
(the subdivision model), how big these subdivided parcels are 
(the parcel size model), and what land use types will emerge on 
each individual parcel (the land development model). Land use 
change is generally associated with increases (or decreases) of land 
use intensity levels (household and employment counts), and the 
effect is aggregated at the level of TAZs to provide key inputs to a stan- 
dard TDM. A land use intensity (LUI) model allocates households 
and employment by type, using a seemingly unrelated regression with 
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FIGURE 1 Model logic of (a) gravity land use model 
and (b) land use change and land use intensity model. 


two spatial processes. Data availability and model specification, 
calibration, and application are described in detail by Zhou and 
Kockelman (7). The LUC model, the LUI model, and a TDM formed 
anew integrated model that was applied to investigate the spatial dis- 
tribution of households and jobs, along with travel conditions in 2030 
across the Austin-Round Rock MSA. Iterative adjustments in the 
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land development model’s alternative-specific constants according to 
regionwide land use forecasts and adjustments of household and job 
counts to match control totals, due to the inability to embed “targets” 
into the model system, were among the restrictions required to obtain 
reasonable results. The transportation and land use policy scenarios 
were simulated through year 2030 at 5-year intervals. 

Three transportation and land use policies were considered, as 
described in Zhou et al. (8) and briefly reviewed here. The BAU 
scenario assumed that development trends observed over the 5-year 
calibration would continue without imposition of new policies. The 
road pricing (CPCT) scenario combined congestion pricing with a 
gas (or carbon) tax. A congestion charge was set to equal the implicit 
cost of marginal delay (imposed per added vehicle mile traveled, 
assuming a $6.75/person hour value of travel time) on all freeway 
segments in the network, and the carbon tax was assumed to be 
4.55 cents per mile on all links in the network. The BAU and CPCT 
scenarios were applied with both the G-LUM and the LUC-LUI 
models. The UGB scenario restricted all types of new development 
to a predefined set of largely contiguous zones, centered on existing 
population centers. Developable zones were defined as TAZs having 
two or more job equivalents per acre and any TAZs touching their 
boundaries; a job equivalent is one job or 0.714 households, since the 
region has 0.714 households per job. Zones outside this “boundary” 
were not permitted any new residential, basic, or commercial devel- 
opment as described by Zhou et al. (8). This scenario was applied 
within the G-LUM, but could not be applied in the LUC-LUI model 
because the spatial econometric models used are not readily adapted 
to zone exclusions, such as zoning constraints or prior knowledge of 
development (/0). 


EMISSION INVENTORIES 
Methodology 


Biogenic emissions of hydrocarbons dominate the overall emission 
inventory in eastern Texas, but their spatial distribution is hetero- 
geneous (//, /2). Portions of central Texas, including the Austin area, 
represent transition zones where both biogenic and anthropogenic 
emissions are significant, and accurately characterizing the spatial 
distribution of biogenic emissions is an important element in under- 
standing air quality and the effectiveness of emission control strategies. 
Urbanization patterns and the accompanying changes in vegetative 
cover can alter a region’s biogenic emissions. 

The Global Biogenic Emissions and Interactions System (GIoBEIS) 
Version 3.1 was used to develop biogenic emission inventories for 
a September 13 to September 20, 1999, modeling episode (5, /3). 
The photochemical modeling domain was a nested regional and 
urban scale 36-km/12-km/4-km grid with 12 vertical layers from the 
surface to 3.9 km; the five-county Austin area was included within 
the 4-km domain. GIoBEIS and similar models rely on accurate 
spatial mappings of land cover and on meteorological parameters, 
including temperature, photosynthetically active radiation, wind 
speed, and humidity, to obtain biogenic emission estimates. Biogenic 
emission estimates were developed for the ITLUM scenarios using 
the methodology described by Song et al. (5) for the ECT scenarios. 
According to this approach, ECT planners estimated the fraction of 
impervious cover for each ECT land use type, which was used to 
adjust the fraction of original vegetation expected to exist in that land 
use category. Assumptions about the remaining vegetation after 
development were based on visual studies of development impacts 
on tree cover using orthophotography from 1995 and 2002 and on 
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TABLE 1 Assumed Fraction of Vegetative Cover Remaining After 
Development for Each G-LUM and Corresponding ECT Classification 
Assumed 
Fraction of 
Vegetative 
Gravity Land Use Model Envision Central Texas Cover 
(G-LUM) Classification (ECT) Classification Remaining 
CBD residential Downtown 0.023 
CBD basic employment Downtown 0.023 
CBD commercial employment Downtown 0.023 
Urban residential Town 0.171 
Urban basic employment Activity center 0.042 
Urban commercial employment Activity center 0.042 
Suburban residential Residential subdivision 0.363 
Suburban basic employment Industrial—office park 0.144 
Suburban commercial Industrial—office park 0.144 
employment 
Rural residential Rural housing 0.763 
Rural basic employment Industrial—office park 0.144 
Rural commercial employment Industrial—office park 0.144 


local knowledge of development practices (5). However, in contrast 
to the ECT land use and land cover databases, which included esti- 
mates of impervious cover for each land use type, the classifications 
used in the G-LUM and LUC-LUI models did not directly provide 
information that could be used to estimate the fraction of original 
vegetation remaining after application of each scenario. Instead, the 
classifications used in the models were mapped to one of the ECT 
development types as shown in Tables | and 2. Each TAZ polygon 


TABLE 2 Assumed Fraction of Vegetative Cover Remaining 
After Development for Each LUC-LUI and Corresponding 
ECT Classification 


Assumed Fraction 
of Vegetative 


Land Use Change-Land 
Use Intensity (LUC-LUI) 


Model Classification ECT Classification Cover Remaining 
CBD LLSF Downtown 0.023 
CBD SF Downtown 0.023 
CBD MF Downtown 0.023 
CBD commercial/office Downtown 0.023 
CBD industrial Downtown 0.023 
CBD civic Downtown 0.023 
Urban LLSF Large lot 0.493 
Urban SF Residential subdivision 0.363 
Urban MF Town 0.171 
Urban commercial/office — Activity center 0.042 
Urban industrial Activity center 0.042 
Urban civic Activity center 0.042 
Suburban LLSF Large lot 0.493 
Suburban SF Residential subdivision 0.363 
Suburban MF Town 0.171 
Suburban commercial/ Industrial/office park 0.144 
office 
Suburban industrial Industrial/office park 0.144 
Suburban civic Industrial/office park 0.144 
Rural LLSF Rural housing 0.763 
Rural SF Rural housing 0.763 
Rural MF Town 0.171 
Rural commercial/office Industrial/office park 0.144 
Rural industrial Industrial/office park 0.144 
Rural civic Industrial/office park 0.144 


Note: LLSF = large-lot single family; SF = single family; MF = multifamily. 
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TABLE 3 Year 2001 Housing Units and Year 2030 Projected Households (HHs) for Each ITLUM Scenario by County (in thousands) 


Austin Area 2001 Housing Units Average Household G-LUM G-LUM G-LUM LUC-LUI LUC-LUI 
County (U.S. Census) Size (U.S. Census) BAU HHs CPCT HHs UGB HHs BAU HHs CPCT HHs 
Bastrop 22.7 2.87 64.4 65.5 49.4 65.2 62.6 
Caldwell 12.2 2.98 30.4 31.4 26.0 55.7 55.0 
Hays 37.9 2.92 87.0 87.0 33 94.3 93.7 
Travis 353:3 2.53 S122: 510.6 582.5 495.3 496.7 
Williamson 98.1 2.88 237 236 200 220 223 
Total 524 _- 931 931 931 931 931 


was classified as central business district (CBD), urban, suburban, 
or rural on the basis of the following calculation: 


E. 
DE paz = Praz + a $= 


TAZ 


where 


DF = density factor, 
P = population in the TAZ, 
E = employment in the TAZ, 
A = acreage of the TAZ, and 
B = ratio of the study area population to the study area employ- 
ment (/4). 


The area was classified as CBD if DFy;,z = 50; as urban if 50 > 
DFryaz 2 10; as suburban if 10 > DFyaz = 1; and as rural if 1 > 
DF az = 0. The reclassified ITLUM scenarios were then overlaid on 
the original land cover data for the region from Wiedinmyer et al. 
(1, 12) and used to modify the original vegetation density which 
was used in GIoBEIS to obtain estimates of biogenic emissions. 

Dry deposition, which is the dominant physical loss mechanism 
for air pollutants in central Texas, is a strong function of land use 
and land cover type and is most frequently estimated based on the 
model of Wesely (/5). Deposition rates are estimated as a series of 
mass transfer resistances to deposition. Land cover estimates for input 
into the dry deposition algorithms of CAMx were developed using 
the reclassified ITLUM scenarios and the methodology described by 
Song et al. (5). 

Forecasts of the growth of point source emissions have been small 
relative to other anthropogenic sources in the region; hence, these 
emissions were assumed to be constant through 2030. Anthropogenic 
emission estimates for on-road mobile, nonroad mobile, and area 
sources were developed for the ITLUM scenarios using the method- 
ology of Song et al. (5). MOBILE6.2 was used to calculate emission 


factors (grams per mile) for VOCs, carbon monoxide, and NO, and 
included default federal motor vehicle control programs for the year 
2030. Population and household count data for each scenario were 
used in conjunction with the EPA’s NONROAD model version 
2005 to obtain 2030 nonroad mobile source inventories. 

Area source emission inventories for each scenario were developed 
by projecting 2007 base-year area emissions using human popula- 
tion growth and applying federal and state emission standards (5). 
Typically, for Texas and other states that routinely prepare and update 
state implementation plans, spatial allocation factors and surrogates 
remain the same between the base year and future attainment year. 
Song et al. (5) accounted for the spatial differences in emissions 
from the different development patterns under the ECT scenarios. 
A similar approach was applied in this work in order to spatially 
allocate nonroad and area sources emissions under the ITLUM policy 
scenarios. Housing and population values used in the projections 
and spatial allocation of anthropogenic emissions for the ITLUM 
scenarios are summarized in Tables 3 and 4, respectively. As expected, 
the different land use models result in different housing and popu- 
lation projections at the county level, which will influence emission 
estimates. 


Inventory Summaries and Comparisons 


Predictions of biogenic and anthropogenic emissions for the ITLUM 
scenarios were compared to predictions from a 2007 base case largely 
based on emission inventories developed for Austin’s Early Action 
Compact. A summary of vehicle miles traveled (VMT) and NO, and 
VOC emissions from major source sectors for the 2007 base case 
and each ITLUM scenario is presented in Table 5. Similar results are 
presented for the 2007 Base Case and ECT scenarios, based on work 
by Song et al. (5) and Webb et al. (70), in Table 6 for comparison 
purposes. 


TABLE 4 2001 Human Population and Year 2030 Projected Human Population 
for Each ITLUM Scenario by County (in thousands) 


2001 G-LUM 
Population (U.S. Census) BAU 
Bastrop 61.5 185 
Caldwell 33.8 90.6 
Hays 104 254.1 
Travis 842.3 1,295.9 
Williamson 25d 681 
Total 1,319 2,507 


G-LUM G-LUM LUC-LUI LUC-LUI 
PEE UGB BAU Creer 
188 142 187 179.6 
93.6 714 166.1 163.9 
254 214 275.2 213.4 
1,291.8 1,473.6 1,253.1 1,256.7 
679.7 575 634.2 641.2 
2,507 2.482 2,516 2,915 
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TABLE 5 Emissions of VOC and NO, (tpd) for 2007 Base Case and 2030 ITLUM Scenarios 


2007 Base Case G-LUM BAU G-LUM CPCT G-LUM UGB LUC-LUI BAU LUC-LUI CPCT 

VMT = 45" VMT = 85" VMT=71" VMT = 70" VMT = 84" VMT=7I1" 
Category VOC NO, VOC NO, VOC NO, VOC NO, VOC NO, VOC NO, 
On-road mobile 34 62 23 24 19 20 19 20 22 24 19 20 
Nonroad mobile 22 22 23 9 23 9 23 9 23 9 23 9 
Area 111 10 224 22 226 22 215 20 254 23 254 23 
Point 3 3 3 3 3 3 3 3 3 3 Z 3 
Biogenic 211 20 150 20 151 20 206 20 201 20 202 20 


“YMT is given in units of 10° miles per day in the five-county Austin area. 


Biogenic sources and, because they have been projected using 
human population, area sources are predicted to remain the most 
significant sources of VOC emissions in the five-county area. Zhou 
and Kockelman (7) and Zhou et al. (8) found that the CPCT and 
BAU scenarios result in similar land use patterns, with CPCT predicted 
to influence travel behavior but not location choice. The biogenic 
emissions predictions for the BAU and CPCT scenarios for each 
model are consistent with this finding. However, biogenic emission 
estimates for the G-LLUM BAU and G-LUM CPCT scenarios are 
considerably lower than for the LUC-LUI scenarios. The G-LUM 
scenarios forecast large changes in undeveloped land, particularly 
in rural zones, resulting in large reductions in vegetative cover as 
compared to the base case. The increased development rates, due to 
model limitations and no constraints on maximum developable land, 
result in unrealistic predictions of vegetative cover loss and over- 
predictions of urbanization in those zones. In contrast, the G-LUM 
UGB scenario predicts concentrated growth in households and 
employment within the predefined boundary, resulting in very modest 
consumption of vegetative cover and changes in biogenic emissions 
primarily within Travis County and southern Williamson County. 
With the exceptions of the G-LUM BAU and CPCT scenarios, the 
range of differences in the magnitude of biogenic hydrocarbons 
between the ITLUM scenarios and the 2007 base case was compara- 
ble to the 2% to 6% reductions in daily biogenic emissions between 
the ECT four scenarios and the 2007 base case across the five-county 
Austin MSA. 

Area source VOC emissions in Austin were primarily due to sol- 
vent utilization, service stations, and industrial processes, while NO, 


emissions were associated with agricultural production and stationary 
source fuel combustion. The relative contribution of emissions from 
these source categories did not change in future years. However, the 
magnitude of emissions increased relative to the 2007 base case 
because area sources emissions increased with population growth. 

Emissions from most on-road and nonroad mobile source categories 
decreased for the ITLUM scenarios relative to the base case because 
of more stringent federal emission controls. Nonroad mobile source 
NO, emissions for all ITLUM scenarios were approximately 9.4 tpd 
and were nearly identical to the ECT scenarios, suggesting that 
implementation of EPA’s Tier 4 engine standards has a more signifi- 
cant influence than regional development patterns and the imposition 
of policies. VOC emissions remain nearly the same or increase 
slightly between the 2007 base case and the 2030 ITLUM and ECT 
scenarios, largely attributed by Song et al. (5) to the growth in lawn 
and garden equipment, which tracked population growth. 

The G-LUM BAU, LUC-LUI BAU, and ECT A (a continuation 
of the current trend of low-density, segregated-use development) 
scenarios predicted nearly a doubling of VMT (i.e., 85% to 90% 
increase) by 2030, relative to the 2007 base case. VMT differences 
for the CPCT, UGB, and ECT B, C, and D scenarios relative to the 
2007 base case indicated that transportation and land use policies 
as well as smart growth styled development can have substantial 
impacts on travel, increasing VMT by only 48% to 60%. VOC 
and NO, emissions decreased markedly for all 2030 scenarios due 
to the implementation of more stringent federal motor vehicle emis- 
sion control programs, including the EPA’s Tier 2 and heavy-duty 
2007 rules (5). Smart growth strategies and transportation and land 


TABLE 6 Emissions of VOC and NO, (tpd) for 2007 Base Case and 2030 ECT Scenarios from Song et al. (5) 


and Webb et al. (70) 


2007 Base Case ECTA ECTB ECT'C ECT D 

VMT =45° VMT = 82° VMT = 72" VMT = 70° VMT = 66° 
Category voc NO, VOC NO, VOC NO, VOC NO, VOC NO, 
On-road mobile 34 62 22 18 19 16 19 16 17 14 
Nonroad mobile 22 22 23 10 24 10 24 10 23 10 
Area 111 10 214 21 238 22 262 24 236 22 
Point 3 3 3 3 3 3 3 3 3 3 
Biogenic 211 20 199 20 205 20 205 20 208 20 


Note: ECT scenario emissions are calculated for a future year of 2030. ECT Scenario A assumes low-density, segregated-use 
development based on extensive highway provision; ECT Scenario B assumes concentrated, contiguous regional growth within 

1 mi of transportation corridors; ECT Scenario C concentrates growth in existing and new communities with distinct boundaries; 
and ECT Scenario D assumes high-density development in existing towns and cities with balanced-use zoning. 

“VMT is given in units of 10° miles per day in the five-county Austin area. 
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TABLE 7 Daily Maximum 1-h Ozone Concentrations for Base Case and 
Differences in Daily Maximum Ozone Concentrations Relative to Base Case 


Base Case 

Episode Daily Max. G-LUM 
Day O; Conc. (ppb) BAU 
9/15 80.5 —4.1 
9/16 72.0 =1.5 
97 85.8 -6.5 
9/18 86.2 =39 
9/19 90.4 -6.0 
9/20 90.5 -8.3 


use policies were predicted to lead to greater reductions of emissions 
of both ozone precursors. For the G-LUM, CPCT and UGB policies 
were predicted to lead to approximately a 16% decrease in emis- 
sions of VOC and NO, relative to the BAU scenario. Similarly, 
the LUC-LUI model predicted approximately a 15% decrease of 
both NO, and VOC emissions for the CPCT scenario relative to the 
BAU scenario. Song et al. (5) found reductions in NO, and VOC 
emissions for the ECT B (corridor-oriented development), ECT C 
(clustered development in new and existing areas), and ECT D 
(high-density mixed-use development and redevelopment) scenarios 
ranging from 13% to 22%, relative to ECT A, which represented a 
continuation of current development trends. 


AIR QUALITY MODELING 
AND EXPOSURE PREDICTIONS 


The ITLUM scenarios were compared to each other as well as to the 
predictions from the 2007 base case based on their impacts on daily 
maximum |-h ozone concentrations, hourly episodic ozone concen- 
trations, and population exposure. CAMx simulations for the ITLUM 
scenarios were identical to those of the 2007 base case except for 
changes in biogenic and anthropogenic emissions and dry deposition 
velocities. 


G-LUM G-LUM LUC-LUI LUC-LUI 

CPCT UGB BAU CPer 
—4.9 —4.4 4.9 5.6 
—L.6 Bie, 2 2.2, 
—6.5 -6.4 —6.9 -6.9 
39 —4.1 —4.1 —4.] 
“13 5.5 —6.] oa 
—9.7 -8.0 8:6 —10.1 


Predicted 1-h averaged daily maximum ozone concentrations for 
the 2007 base case ranged from 72 ppb to 90 ppb across the episode. 
Differences in daily maximum 1-h ozone concentrations due to 
the combined changes in dry deposition, biogenic emissions, and 
anthropogenic emissions from on-road mobile, nonroad mobile, and 
area sources for the ITLUM scenarios ranged from —10 to —2 ppb with 
typical values of —5 ppb as shown in Table 7. On most episode days, 
reductions in the daily maximum 1|-h averaged ozone concentrations 
due to the CPCT and UGB scenarios were comparable to or slightly 
greater than the reductions between the BAU scenarios and the 
2007 base case. 

Maximum and minimum differences in 1-h ozone concentrations 
that occurred across the region regardless of time of day or magnitude 
were also evaluated. Figure 2 shows the range of changes in 1-h 
ozone concentrations between the ITLUM scenarios and the 2007 
base case due to changes in biogenic and anthropogenic emissions 
and dry deposition for each scenario. Similar to the findings of Song 
et al. (5), increases occurred primarily during the morning hours not 
during afternoon periods with peak ozone concentrations and are 
associated with reductions in on-road mobile source emissions along 
transportation corridors in the Austin urban core that result in less 
titration of ozone by NO, emissions. Maximum decreases of as much 
as 16 ppb were predicted in the LUC-LUI scenarios. The G-LUM UGB 
scenario resulted in decreases of as much as 14 ppb as compared to 
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0) 
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FIGURE 2 Range of changes in hourly ozone concentrations (ppb) between ITLUM scenarios 


and base case across five-county Austin area. 
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9.5 ppb in the G-LUM BAU scenario. Differences in hourly ozone 
concentrations between the future development scenarios and a 2007 
base case were more pronounced than differences due to regional 
transportation and land use policies. However, evaluated with the 
findings of Song et al. (5), the magnitude of the impacts of transporta- 
tion and land use policies and smart growth-oriented strategies on 
ozone concentrations is generally within the range of several parts 
per billion and has the potential to be significant particularly in regions 
on the cusp of attainment with the NAAQS. 

In addition to metrics based on ozone concentration, McDonald- 
Buller et al. (6) examined total daily population-weighted exposure 
above a threshold ozone concentration (parts per billion) for the ECT 
scenarios: 


Ps 
Mon = > - Son 
g t 


h 


where 


P, = total population in the five-county Austin area for the scenario, 
P, = population in each grid cell g, and 

ozone concentration (ppb) over the threshold Cjhresn for each 
grid cell g at hour / or 
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ll 


Soh 


0 Con s C thresh 


Sen = 

Cosh — Cohresh Con > Crhresh 
With the same approach for each ITLUM scenario, this metric 
was evaluated for various threshold values and estimated for each 
grid cell, summed over the Austin-area modeling domain and 
over all hours of the day. Although population exposure-based 
metrics do not affect a region’s attainment status, they do facilitate 
a more comprehensive assessment of the impacts of urban growth 
strategies. 

As shown in Figure 3a, for a threshold value of 40 ppb, all 
ITLUM scenarios exhibited greater exposure than the base case 
because of additional increases in ozone and population in newly 
developed areas. This finding was consistent with results for the 
ECT scenarios at a 40-ppb threshold concentration, indicating an 
overall increase in exposure with population growth. The impacts of 
land use and transportation policies, smart growth strategies, and 
regulatory emissions controls become more pronounced at larger 
threshold ozone levels. Figure 3 shows the variation in exposure 
over the episode for higher threshold values of 60 ppb (Figure 3) 
and 80 ppb (Figure 3c). As the threshold value increases, predicted 
exposure generally decreased for the ITLUM scenarios relative to the 
base case consistent with lower peak ozone concentrations. Predicted 
exposure was generally lower for the road pricing scenarios, but 
higher for the urban growth boundary scenario where population was 
more concentrated. Interestingly, the influence of the G-LUM UGB 
policy on exposure relative to the BAU scenario was in contrast to 
the impacts on ozone concentrations and emissions of its precursors; 
the UGB appeared to offer benefits for reducing emissions and ozone 
concentrations as well as VMT, but may have a penalty with respect 
to the proximity and density of the population in areas with higher 
ozone concentrations. McDonald-Buller et al. (6) found that consistent 
with the trends in daily maximum ozone concentrations, population 
exposure to ozone concentrations above a 60-ppb threshold was lower 
for the future ECT development scenarios. Concentrated high-density 
development in existing towns with balanced-use zoning (ECT D) 
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FIGURE 3 Total daily population-weighted exposure using a 
(a) 40-ppb, (b) 60-ppb, and (c) 80-ppb threshold for ITLUM 
scenarios and 2007 base case. 


produced lower exposure to high ozone concentrations than a more 
typical pattern of urban sprawl! (ECT A). 


CONCLUSIONS 


The impacts of land use and transportation policies on emissions, 
ozone concentrations, and a metric for population exposure were 
examined using Austin, Texas, as a case study. Austin is typical of 
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many urban areas of the United States that are on the cusp of non- 
attainment with the NAAQS for ozone. Three transportation and 
land use scenarios were investigated using a G-LUM and a standard 
TDM: a BAU scenario, a road pricing policy that included a flat-rate 
CPCT of all Austin-area freeways, and UGB policy. Two scenarios, 
a BAU scenario and a flat-rate CPCT policy were also investigated 
using a novel, parcel-level LUC-LUI model and a standard TDM. 
The prices, tolls, and boundary locations considered in this work 
represented reasonable scenarios if such policies were to be pursued 
by community stakeholders. 

Transportation and land use policies were predicted to have sub- 
stantial impacts on travel and emissions of ozone precursors. The 
BAU scenario predicted an 85% to 90% increase in VMT in 2030 
relative to a 2007 base case. In contrast, the increase in VMT under 
the road pricing and UGB policies was only 60%. Emissions of ozone 
precursors decreased markedly for all 2030 scenarios due to the 
implementation of more stringent federal motor vehicle emission 
control programs, but transportation and land use policies were pre- 
dicted to lead to even greater reductions, by about 15%, of emissions 
relative to the BAU scenario. 

The impacts of such policies on ozone concentrations and popu- 
lation exposure suggested varying effects. Daily maximum |-h ozone 
concentrations were predicted to decrease under the future scenarios 
with changes ranging from —10 ppb to —2 ppb, with typical values 
of —5 ppb. The benefits of transportation and land use policies and 
smart growth-oriented strategies for reducing ozone concentrations 
were generally within the range of several parts per billion, which 
suggests that these policies have the potential to be significant par- 
ticularly in regions on the cusp of attainment with the NAAQS. Lower 
exposure was typically predicted for the road pricing scenarios, but 
a penalty appeared to exist with relatively higher values of exposure 
predicted for the UGB on some episode days. Future work should 
explore the impacts of urban growth and transportation and land use 
policy scenarios on greenhouse gas emissions, examine new scenarios 
(such as density floors on new development), allow for new vehicle 
and power-generation technologies, and accommodate other land 
use model specifications. 

The results of this analysis indicate the potential complexity of 
planning for urban growth and equity and the need for integrated 
modeling and policy evaluation efforts. This project was conducted 
by a team with expertise spanning urban and regional planning, trans- 
portation and land use modeling, emission inventory development, 
and air quality modeling. Although the primary team members had 
long histories of working with the State of Texas and Austin-area 
stakeholders, this project was the first that synthesized their efforts. 
While expertise in these areas is not unique within the realm of many 
metropolitan planning organizations, departments of transportation, 
city governments, and state environmental agencies, there is a need for 
better collaboration between fields during community and regulatory 
decision-making processes to allow more comprehensive assessments 
of urbanization and its environmental impacts. 
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Bus Technology Meta-Analysis 


Hilda Martinez, Jorge Macias Mora, and Alper Unal 


This paper analyzes data obtained from international studies that 
compared natural gas, diesel, and hybrid technologies for buses to 
determine differences in particulate matter (PM,)), nitrogen oxides 
(NO,), nonmethane hydrocarbon (NMHC), carbon monoxide (CO), 
greenhouse gas, and air toxic emissions. The results presented here 
are for 90-passenger 12-m buses. Two types of comparisons were made: 
technology and fuel. The comparison revealed that buses using ultra- 
low-sulfur diesel (ULSD) with diesel particulate filters (DPF) and 
buses using compressed natural gas (CNG) with oxidation catalysts 
(OC) had the lowest emissions of PM,, and CO; CNG with OC had 
lower NO, and greenhouse gases emissions, while ULSD with DPF 
had lower NMHC emissions. Posttreatment technologies are presented 
as a low-cost option to reduce emissions. Hybrid diesel buses were 
found to be the technology that has the lowest emissions for most of the 
studied pollutants. 


The Mexico City, Mexico, Metropolitan Area (ZMVM in Spanish), 
according to Instituto Nacional de Estadistica, Geogratia e Informatica 
(/), houses approximately 19,232,000 people and has a slight annual 
growth rate of 0.5%. Despite this slight demographic growth, urban 
development proceeds on the basis of a low-density, area-related, 
high-demand model. It is obvious that if this development process 
were to continue in Mexico City, within the next 25 years more 
municipalities would be incorporated into the metropolitan area, 
increasing both its total population and its transportation needs. 

According to the EMBARQ Center for Sustainable Transportation’ s 
(CTS’s) prospective statistics, there is an average of 52,400,953 daily 
trips (including nonmotorized trips) in the metropolitan area. Mexico 
City’s inhabitants transport themselves at a rate of 2.7 trips per day 
per person, which puts the city within the parameters of medium 
development. If the approximately 13,305,684 daily nonmotorized 
trips (based on calculations made by CTS) are excluded, public trans- 
portation represents 69.05% of the total daily trips, providing service 
to the majority of the metropolitan area population. 

Transportation greatly affects personal exposure to air pollution 
because of the closeness to the emissions sources (i.e., motorized 
vehicles) and the duration of the trips. Acute respiratory infections, 
asthma (2) and chronic obstructive pulmonary disease, are the illnesses 
usually related to air pollution, specifically caused by particulate 
matter (PM, ) and PM, ;) and ozone (3). The CTS in collaboration 
with the National Institute for Ecology (INE, in Spanish) calculates 
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that between 50% and 80% of daily exposure to particles in Mexico 
City occurs during transportation (4). 

A joint investigation between INE and CTS analyzed users’ 
exposure in transportation under normal operation conditions and 
found concentrations averaging 152 g/m? and 167 j1g/m* (PM) 5) 
and 212 ug/m? and 206 ug/m* (PM,o) for buses and microbuses, 
respectively (4). These concentrations prove to be much greater than 
the microenvironmental concentrations in direct-impact open spaces, 
because measurements were taken at the beginning (north) and at 
the end (south) of the route, with the following concentrations found: 
86 pe/m* and 66 g/m’ of PM, ; and | 10 pe/m? and 80 p1g/m? of PMjo 
(4), respectively. Average concentrations inside buses and microbuses 
were almost twice as high as those outside. Official Mexican air 
quality standard NOM-025-SSA1-1993 stipulates that the maximum 
average values allowed for a 24-h period are 120 g/m’ and 65 ug/m* 
for PM,) and PM, ;, respectively. 

The metropolitan area has shown a decrease in ozone concentra- 
tions in the past few years. According to Mexico City’s Ministry of 
the Environment, ozone concentration has decreased from 0.32 ppm 
in 1991 to 0.16 in 2006 (5). Despite the significant advance in dimin- 
ishing the ozone levels, the number of days on which children are 
exposed to concentrations exceeding the air quality standard still 
worries investigators. This effect is especially severe in the southwest 
region of the valley, where, in 2005, levels were above the standard 
for 120 to 157 days of the year (5). 

The population most vulnerable to ozone concentration and its 
effects are children and the elderly. Children are more vulnerable 
because they spend more time in the open than adults do and their 
breathing is quicker, which potentially exposes them to higher 
concentrations of air pollutants. 

The World Health Organization estimates that 5 million children 
die each year worldwide due to because of pollution-related ill- 
nesses. For the Mexico Valley Metropolitan Area, where 30% of the 
population is under 15, this problem is very significant (/). 

A total of 440,000 children who live in this area were exposed dur- 
ing almost half the year to concentrations of ozone above 0.110 ppm 
on average. In addition, the geographical area where the standard 
was exceeded for 60 to 120 days during 2005 in the metropolitan 
area houses 3.9 million infants (5). These numbers suggest that there 
is still a long way to go. 

According to the World Asthma Association, 46% of the children 
in Mexico City suffer from asthma or allergic rhinitis. Each year, 
500,000 new cases are registered and, according to the Social Security 
Department, this problem represents a direct cost of more than 
$50 million annually, which is probably an underestimation. 

The serious cardiovascular problems brought about and worsened 
by pollution (6) and the relation between air pollution and the inci- 
dence of cancer through hydrocarbons (HC) in the population (7) 
cannot be ignored. HC emissions have well-known, highly muta- 
genic properties and must be considered, even though the magnitude 
of this relation is still unclear. 
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METHODOLOGY FOR META-ANALYSIS 


This study reviewed 12 previous reports that compared different 
compressed natural gas (CNG), diesel, and hybrid technologies. 
These investigations have been published in peer-reviewed journals 
and were chosen because of their consistent methodology and the 
validity of their arguments. These studies were conducted by different 
researchers under different testing conditions. A total of 14 CNG 
buses were analyzed, along with 29 CNG with oxidation catalysts 
(OC) buses, 28 conventional diesel buses (300 ppm of sulfur content), 
12 ultra-low-density diesel (ULSD) buses, 21 ULSD with diesel 
particulate filters (DPF) buses, and 8 hybrids, totaling 112. 

The main objective is to condense emission measurements from 
these investigations and analyze their data. The objective is not to 
compare these studies against each other because they were conducted 
under different conditions. This paper presents a general overview on 
emissions performance of these reported technologies with the given 
uncertainty and variability. However, the authors strongly suggest a 
comparison study in which buses with different technologies are 
compared under controlled conditions. 

The analysis presents emissions measurements from buses under 
different driving conditions. The measurements took into account 
not only a variety of buses, technologies, and engines, but also the 
driving cycles used in each investigation. 

Data were obtained for bus models from 1997 to the present. 
Samples were taken for cycles ranging from relaxed to aggressive 
driving. Most of the buses studied were approximately 12 m long, 
although some articulated buses (less than 10%) were included. To 
homogenize data, the emissions were transformed using a factor based 
on the standard capacity of the buses. They were indexed to emissions 
for 90 passengers or for 12-m-long buses. For the most part, the exact 
passenger capacity of the buses was unknown. It was assumed that 
there would be 140 passengers for 15-m buses, 160 for 18-m buses, 
and 90 for 12-m buses. 

Variability in the conditions of the samples can be regarded as an 
advantage, because it allowed the authors to closely examine different 
conditions in which these buses are used. Delays in the introduction 
of new technologies in developing countries are taken into account 
by including older models in the analysis. Likewise, by considering 
all driving cycles, the authors cover the different driving styles and 
conditions that can be found in different cities. 

The analysis focuses on the study of the variability in different 
technological options. The emissions produced by different tech- 
nologies in use are not stable or constant. By centering the study on 
the variability tendencies, a more precise image of the trend can be 
obtained, and the behavior of different technologies under various 
weights, technological, maintenance, and driving conditions can 
be analyzed. 

The first variability measurement presented for analysis is inter- 
quartile range (IQR). IQR is a statistical measure that is equal to the 
difference between the first and third quarter (or upper and lower 
25th percentile). Thus, 25% of the data are less than or equal to 
the first quarter, while 25% are more than or equal to the third. IQR 
includes approximately half of the observations. This measurement 
avoids the need to establish suppositions about the probability dis- 
tribution of the data (such as normal or log-normal distribution) while 
allowing a clear view of the spread and can be graphically presented 
using a box-and-whisker plot. For comparison purposes, a chart was 
prepared assuming normal distribution of the data, which allows the 
use of confidence interval comparisons. 
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COMPARISON OF EMISSIONS BY FUEL 
AND CONTROL TECHNOLOGIES 


This section presents the results obtained using two methods: the 
first based on interquartile range, and the second using confidence 
intervals of 90%. Using IQR, we obtained box-and-whisker plots. 
Box-and-whisker or box plots are built in a box the same length as 
the IQR, and tails or whiskers are added to determine out-of-range 
data. Any observation under 1.5 times the IQR of the first quarter 
or over 1.5 times the IQR of the third quarter will be considered out 
of range (outlier). In box plots, the least and the greatest values that 
were not considered are indicated as out-of-range data and are joined 
to the box by a vertical line or whisker. 

For interval confidence charts, descriptive statistics are obtained and 
the data that are two standard deviations above and below the initial 
average (outliers) are eliminated. Once the outliers are eliminated, 
the confidence intervals are calculated. The intervals, as well as the 
average emissions, are reported in corresponding charts. Figure | 
presents the general descriptive statistics, comparative IQR, general 
statistics, and 90% confidence interval for PM. 

Spread in the results is particularly evident for conventional diesel, 
which had very high IQR and standard deviation. Figure | shows the 
interquartile ranges and the median, giving a clear image of the data 
that is possibly out of range. The horizontal lines that divide the 
boxes in two symbolize the position of the medians. The upper limit 
of the boxes represents the third quarter and the lower limit the first 
quarter. IQR, therefore, shows 50% of the data, which are at the 
center, and is represented by the length of the boxes. 

Figure | clearly shows the difference in emissions for CNG, CNG 
with OC, ULSD with DPF, and hybrid technologies. These four 
technologies show drastically lower emission levels than conventional 
diesel, even ULSD with no posttreatment equipment. 

With the introduction of ULSD, emissions for diesel technologies 
lower to less than half of conventional diesel. The reductions added 
by the particle trap (DPF) reinforce the results of the CTS-EMBARQ 
field test in Mexico City, with a 78% reduction compared to ULSD 
alone and a 90% reduction for conventional diesel. 

By the data provided in the studies mentioned, CNG proved to be, 
without the need for any posttreatment equipment, a clean fuel con- 
cerning PM,o. The introduction of posttreatment in CNG buses further 
reduces these emissions. The adoption of CNG, CNG with OC, ULSD 
with DPF, and hybrid technologies is a substantial improvement 
(90% to 97%) with respect to the status quo, conventional diesel. 

The cleanest options for this pollutant are CNG buses with OC, 
which had an emission average of 0.01 g/km, and diesel hybrid tech- 
nology, with an average of 0.08 g/km. Both technologies had very 
similar variations for their confidence intervals. 


Nitrogen Oxides 


Nitrogen oxides (NO,) are important because, with hydrocarbons, 
they are the main precursors of ozone formation. The data analyzed 
in this investigation are shown in Figure 2. 

It is worth noticing the emission increase in diesel technologies 
with the introduction of DPF particle traps. This increase can be due 
to the inverse relation in the treatment of PM) and NO,. The parti- 
cle trap requires that the gases maintain an elevated temperature to 
function optimally in the elimination of particles. Conversely, NO, 
diminish when exhaust fumes are at lower temperatures. 
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The magnitude of the increase is more visible in the confidence 
interval of Figure 1. The figure shows the limits of the confidence 
interval for the high and the low ranges. It can be seen by taking the 
averages that the demand for higher temperatures for the functioning 
of DPF increases NO, by 20% compared with ULSD technology. The 
best combustion, provided by the OC in CNG technology, provides 
a reduction of an average of 49% compared to emissions for CNG 
with no posttreatment device. 

Based on the comparison, hybrid diesel technology is the one with 
the lower grams per kilometer emissions of NO,, representing a 
value that is practically half of the emissions present in conventional 
and ULSD with a particle trap. In general, hybrids and CNG buses 
with a catalyst are the cleanest options for NO,. 


Nonmethane Hydrocarbons 


Nonmethane hydrocarbons (NMHCs) are relevant because they are 
constituted by some toxic, cancer-causing, or mutagenic gases. For 
the NMHC evaluation, a total of 64 measurements were taken into 
account, since the CNG technology without an OC was not analyzed. 
The data used for each technology are represented by its general 
descriptive statistics in Figure 3. 

The analysis shows that greater NMHC levels prevail for the 
CNG technology with OC. It is also clear, as can be deduced from 
the figure, that this technology (with an interquartile range of 0.37) 
presents the greatest scattering of the analyzed technologies. 

Conversely, diesel technologies have very low hydrocarbon 
emission levels. It is relevant to point out the existing emission 
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reduction when DPF are introduced, because these also include a 
catalyst. As can be seen in Figure 3, ULSD buses emit only 0.26 g/km 
of HC. The introduction of DPF with a catalyst reduces the average 
to 0.04 g/km, a significant (85%) reduction. 

It is clear that hybrid technology has the lowest nonmethane hydro- 
carbon emissions (0.014 g/km) representing a 95.3% reduction 
compared with conventional diesel. It is also important to point out 
the low dispersion of the data presented by diesel with DPF and 
hybrids compared with those present in CNG. 

Unfortunately, the authors could not find enough data on NMHC 
to include CNG without OC in the emission analysis. The analysis of 
total hydrocarbons shows a reduction of 42% of the emissions with 
the addition of a catalyst. It is to be expected that a similar proportion 
would be found for NMHC reduction. 


Carbon Monoxide 


The role of posttreatment systems is also important for carbon 
monoxide (CO) emissions. The average emissions and data disper- 
sion are drastically reduced with the introduction of OC for CNG 
technologies and particle traps for diesel technologies, which can be 
seen in Figure 4. 

The use of a catalyst (OC) lowers CNG emissions from 11.32 to 
0.72, a reduction of 94%. At the same time, the standard deviation 
is reduced. Likewise, the particle trap with a catalyst reduces CO 
emissions by 84% compared with ULSD. 

ULSD with DPF buses have the lowest CO emissions, 30% less 
than CNG with OC. Despite this relative difference, emissions from 
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FIGURE 4 Results for CO. 


CNG with OC, ULSD, ULSD with DPF, and hybrid technologies 
are within significantly low emission ranges. 


Greenhouse Gases 


To analyze greenhouse gases (GHG), both carbon dioxide (CO;) and 
methane (CH,) were considered. The warming potential for CH, was 
considered to be 21 times that of CO. The heating potential of the 
emissions for each technology was obtained (in CO, equivalents) and 
the results are shown in Figure 5. 

In general, GHG emissions are closely related to the fuel consump- 
tion of different technologies. This relation explains the tendencies 
seen in Figure 5. 

For CNG, the presence of OC improves combustion by helping 
the gas mix with oxygen. This improves both the engine’s performance 
and its methane emissions, which lower considerably. 

In reference to diesel, the change from conventional to ULSD 
means an increase in fuel consumption, due to the lower sulfur levels. 
In general, the processing required to reduce sulfur to 15 ppm also 
reduces the aromatics content and density of diesel fuel, resulting in 
a reduction in energy content (BTU/gal). A 1% reduction is expected, 
which may affect kilometers per liter. Figure 5 shows this increase, 
with average emissions of 1,177 g/km for conventional diesel and 
1,332 g/km for ULSD. This effect diminishes once the out-of-range 
data are removed, as shown in Figure 5 for GHG. 

The introduction of particle traps also increases fuel consumption 
requirements, considerably increasing GHG emissions. The DPF 
increases its fuel usage due, in great part, to the filter regeneration 
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phase. The increase shown in Figure 5 for emissions with DPF is 
43% compared to ULSD alone. 

Conversely, fuel savings in hybrid technology allow for emissions 
of 1,068 g/km. This is the technology that produces the least GHG 
emissions, 19% less than CNG with OC, and 35% less than ULSD 
with particle traps. 


Toxic Air Pollutants 


The toxic air pollutants analyzed are acetaldehyde and formaldehyde. 
Unfortunately, the data pool gathered was quite limited and lacked 
measurements of aldehydes for hybrid technology, therefore failing 
to report emissions on this technology. 


Acetaldehyde 


Acetaldehyde is considered a probable human carcinogen (8) and at 
higher levels of exposure it can cause coughing, pulmonary edema, 
and necrosis (9). A total of 31 measurements for five technologies 
were taken into consideration. 

Because of the low number of pooled observations, the IQR spread 
shown in Figure 6 is quite big. This is quite visible for CNG and for 
ULSD, with IQR values of 70 and 87, respectively. Conversely, 
conventional diesel shows the smallest IQR spread and low levels 
of emission of acetaldehyde. 

CNG and ULSD have the highest average of acetaldehyde emission. 
Conventional diesel had a comparable emission level as CNG with 
OC. The switch from conventional diesel to ULSD is no guarantee 
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of lower emissions as proved from the figure. In order for ULSD to 
be cleaner, the introduction of a particulate filter is required. 

CNG and ULSD without posttreatment did not emit less acetal- 
dehydes than conventional diesel and no gain is obtained merely 
by switching to an alternative fuel; again the real gain comes from 
posttreatment. 


Formaldehyde 


Formaldehyde is also considered a probable human carcinogen. 
At high concentrations it may trigger attacks in people with asthma. 
A total of 44 observations were pooled from the research papers. 

Conventional diesel shows the higher spread in emissions, by 
presenting the highest IQR. Figure 7 reflects the IQR for the differ- 
ent technologies and the scatter plot for the data. It is clear that CNG 
offers the highest average emissions; nonetheless, the introduction 
of an oxygen catalyst reduces significantly the milligrams per kilo- 
meter of formaldehyde. As Figure 7 shows, the average diminishes 
from 683 mg/km with CNG to 17.95 mg/km solely with the intro- 
duction of OC. The introduction of ULSD reduces the amount of 
formaldehyde compared with conventional diesel and it is furthered 
reduced with the introduction of DPF. 


CONCLUSIONS 


This study analyzed data obtained from international studies that com- 
pare natural gas, diesel, and hybrid technologies for buses to identify 
differences in particulate matter, nitrogen oxides, nonmethane hydro- 
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carbon, carbon monoxide, GHG, and air toxic emissions. The main 
objective is to condense emission measurements from these investi- 
gations and to provide a general overview on emissions performance 
of the presented technologies with the given uncertainty and vari- 
ability. However, the authors strongly suggest a comparison study 
where buses with different technologies are compared under the 
same controlled conditions. In this study the following conclusions 
were obtained: 


e Emission certificates proved to be a good indicator for emission 
reductions in PM,y, NO,, CO, and HC, but not for GHG, which did 
not show any reduction between the lower and the higher European 
levels. 

e Within the experimental data, conventional diesel had greater 
variation in its results for PM, emissions. CNG without posttreatment 
had a greater IQR for CO and NO, emissions data, as well as a high 
variation for PM). The CNG with OC option had greater variability 
for NMHC, as did the ULSD with DPF for GHG. 

e The technology that presented the lowest emissions for all the 
categories analyzed was diesel hybrid technology. One of the main 
reasons is that most buses with this technology are recent models, in 
addition to less fuel consumption. Particle emissions are also reduced 
due to particle traps. 

e Hybrid buses presented between 18% and 27% less fuel con- 
sumption, which together with ULSD fuel can be one of the best 
options in the market. 

e CNG with OC buses proved to have lower PMj) and NO, emis- 
sions than ULSD with DPF buses; however, their emission of 
NMHC, CO, and air toxins is greater. Despite this relative comparison, 
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both technologies represent a significant advance compared to con- 
ventional diesel. It is observed that with the right control equipment 
both CNG and ULSD buses have very low emissions. A cost-benefit 
analysis is recommended to choose the best technological option for 
criteria pollutants. 

e In relation to climate change and GHG emission, hybrid tech- 
nology proved to have the lowest emissions because of lower fuel 
consumption associated with the fact that the engine works with both 
an electric and a diesel motor. CNG technologies, on average, have 
greater emissions than conventional and ULSD without DPF. 

e The studies included in this investigation only measure exhaust 
emissions and do not include life-cycle analysis. To evaluate total 
environmental impact of a technological change correctly, it is nec- 
essary to expand the chain of emissions vertically, up to the source, 
via life-cycle analysis. 
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Analysis of Real-World Lead Vehicle 
Operation for Modal Emissions 
and Traffic Simulation Models 


Eric Jackson and Lisa Aultman-Hall 


New models and data are needed in microscopic traffic simulation tools 
to allow effective use with newer modal tailpipe emissions models. Traffic 
simulation models offer the ability to simulate large, second-by-second 
vehicle operation data sets as input for emissions models. However, more 
data are needed to improve simulation of second-by-second vehicle speed. 
This research analyzes and models the vehicle dynamics of unconstrained 
drivers in real-world driving situations based on road geometry. Vehicle 
dynamics data were collected by using an instrumented vehicle driven 
by 22 volunteers over a 17-mi predetermined test route. The objective of 
this research was to analyze and model the nonrandom speed variations 
in unconstrained lead drivers. The results of this study suggest that hori- 
zontal and vertical curvatures have a significant impact on the second- 
by-second operation of an unconstrained lead vehicle. Furthermore, 
these nonrandom changes in speed are important considerations since 
they can produce considerable variations in the level of tailpipe emissions. 


Estimating vehicle emissions based on second-by-second vehicle 
operation creates a significant motivation to link microscopic traffic 
simulation models to more accurate operating mode—based regional 
mobile emissions models. Because the collection of a large, represen- 
tative, second-by-second vehicle operation data set for every traffic 
circumstance is not realistic, the use of microscopic traffic simulation 
models to replicate the real-world second-by-second driver behavior 
for hundreds of vehicles and traveling patterns is ideal. The simulated 
vehicle driving cycle data could be integrated into a mobile emissions 
model, such as the new version of the U.S. Environmental Protection 
Agency’s (EPA) MOVES, to allow for improvements in emissions 
modeling of project-level transportation alternatives or traffic con- 
ditions. Unfortunately, few real-world vehicle driving cycle data 
sets exist, especially for lead vehicles (following vehicles have long 
been modeled with the use of car-following theories that predate 
widespread use of computer traffic simulations). Moreover, detailed 
models to incorporate second-by-second vehicle operating mode 
data into traffic simulation models are limited. This paper investi- 
gates the second-by-second variation of lead vehicle dynamics in a 
real-world, on-road data set as a function of road geometry. 
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RESEARCH MOTIVATION 


Two factors motivate this research: the feasibility of collecting 
on-road, second-by-second vehicle operations data with readily 
available technology and the desire to integrate microscopic com- 
puter traffic simulation models for use with modal tailpipe emissions 
models. Microscopic simulation models typically use car-following 
theory to capture the temporal changes in an individual vehicle’s 
velocity and thus its location in response to the vehicle it is follow- 
ing, the lead vehicle (7). Brackstone and McDonald identified five 
groups of car-following models: Gazis-Herman-Rothery, collision- 
avoidance, linear, psychophysical, and fuzzy logic. While these 
models are used to describe the behavior of the following car, 
few research efforts have studied and modeled the behavior of the 
lead vehicle. Default lead vehicle behavior is modeled as a constant 
speed until it approaches another vehicle. This assigned “desired” 
speed typically varies between individual simulated vehicles (on a 
normal distribution) and is often a function of the speed limit or 
free-flow speed of a given link. 

Some models, such as PARAMICS, have optional subroutines that 
alter this vehicle speed, including lead vehicle speed, as a function 
of roadway characteristics (such as horizontal curvature when it is 
coded into the network), but these advanced options are rarely used, 
presumably not only because few network databases have curvature 
and grade coded, but also because there is a lack of real-world vehi- 
cle operating data to calibrate these functions. Recent work (2, 3) 
has indicated that assumptions regarding car-following rules make 
differences to emissions estimates and also to the overall aggregate 
traffic conditions predicted by microscopic traffic simulation models. 
Researchers have alluded to the need to collect lead vehicle data (2), 
but, to date, only a few studies have done so (4, 5). 


BACKGROUND 
Second-by-Second Vehicle Speed Variation 


Previous studies have investigated the impacts of curvature on vehi- 
cle dynamics. The majority of research efforts that focused on the 
impacts of roadway geometry on driver behavior and speed used 
observational techniques to collect data for analysis. Most of these 
studies used radar, LIDAR, or pneumatic tubes to record vehicle 
speeds at finite locations (6, 7). One limitation with these approaches 
is that driver behavior may be significantly affected by the driver’s 
perception of law enforcement or the presence of observers. Another 
limitation is the finite locations of speed data collection and a con- 
tinuous time series of second-by-second speeds cannot be obtained. 
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Past curvature studies have been limited because second-by-second 
speed and acceleration profiles were not easily attainable. 

Existing studies have suggested that roadway geometry has a sig- 
nificant impact on the speed profiles of vehicles (4-7). Figueroa and 
Tarko used regression models to determine that there are “transition” 
sections approaching and exiting horizontal curves where speed 
changes are suspected to take place. They concluded that 66% of the 
deceleration events and 72% of the acceleration events in their data set 
occurred on the tangent sections approaching and exiting horizontal 
curves (6). 

However, Figueroa and Tarko did not consider vertical curvature 
in their analysis. Research conducted by Gibreel et al. is one of the 
few studies to consider the three-dimensional highway alignments in 
predicting operating speeds. Their research suggests that by including 
vertical curvature into regression equations there is a 33% increase 
in model accuracy, implying that future operating speed models should 
include three-dimensional alignments (7). However, the study con- 
ducted was limited in the number of curves studied. Only two types 
of alignment combinations were studied: sag vertical curve combined 
with circular horizontal curve and crest vertical curve combined 
with circular horizontal curve. They concluded that future research 
is necessary to establish a more robust three-dimensional model for 
operating speed prediction. 

This paper extends previous work on curvature impacts on vehicle 
operation in two ways: (a) by investigating a range of curves and 
(b) by using an instrumented vehicle to collect a second-by-second 
real-world velocity profile. Instrumented vehicles are now in more 
widespread use to capture vehicle operations to study the impacts of 
horizontal curvature on driver speed behavior (5). The study by Nie 
and Hassan contributes several key findings relevant to this paper: 
(a) the effects of road geometry on driver speed vary with road type 
(i.e., two-lane rural highway vs. local connector roads); (b) driver 
speed selection is highly correlated with the geometric features; 
(c) drivers were more cautious on continuous curves than on isolated 
curves with long approach and departure tangents; (d) drivers do not 
maintain a constant speed; and (e) acceleration and deceleration 
events take place on curved sections. 


Traffic Simulation Models 


Previous traffic simulation research has focused on more aggregate 
calibration and the comparison of different computer models, all 
having some degree of success. These studies have been conducted 
with many different simulation programs but recently include 
the following most often: VISSIM, CORSIM, PARAMICS, and 
AIMSUM (8-/9). Traffic simulation models offer the potential to 
generate large amounts of second-by-second data from individual 
vehicles while keeping the costs of data collection low. Because it 
is impractical to collect real-world tailpipe data for hundreds of 
drivers on a full range of facility conditions, traffic simulation model 
validation and calibration are critical to ensure that the simulation 
model accurately represents the real-world system. The validation 
and calibration of these models are not trivial tasks, because the 
nonstationary and auto-correlated nature of traffic flow complicates 
the process (20-22). 

For tailpipe emissions modeling, the microscopic traffic simulation 
models offer great potential because simulated |-s vehicle operation 
data could be used as input for operating mode—based emissions 
models. However, in order to be useful for future mode-based 
emissions models, traffic simulation models will need to produce 
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results that are much more detailed than average speed. For example, 
the EPA’s MOVES model is incorporating vehicle-specific power 
(VSP) into the model to predict emissions estimates. However, 
MOVES and current traffic simulation models do not incorporate 
true road grade. Therefore, an accurate calculation of VSP for a real- 
istic range of real-world conditions is impossible given the current 
modeling structure. Furthermore, the vehicle dynamics generated by 
these simulation packages need to be evaluated to ensure that the 
second-by-second model output is realistic. 

This research proposes using second-by-second real-world data, 
collected from multiple drivers, to study unconstrained lead vehi- 
cle operation. This research is important because it contributes to 
improving the interface between traffic simulation models and the 
next generation of modal emissions models: measuring real-world 
1-s vehicle dynamics and comparing them to corresponding simulated 
conditions. 


DATA COLLECTION 


The overall objective of this data collection effort was to obtain 
onboard, on-road, real-world vehicle operations as well as tail- 
pipe emissions data on a 17-mi predefined test route in northeast 
Connecticut. The data used in this analysis were collected between 
October 11 and October 27, 2006, with an instrumented light-duty 
minivan driven by 22 different volunteer drivers. The drivers who 
participated in the study were recruited from the University of 
Connecticut community via e-mail and personal communication. 
All drivers were asked to drive the route at least twice in a row. These 
drivers included undergraduates, graduate students, and faculty 
members with between | and 40 years of driving experience. 


Test Route 


The route chosen for this research was selected to contain multiple 
road types (freeways, rural two-lane highways, and local stop- 
controlled roads) and varying degrees of both vertical and horizontal 
curvature. The Connecticut Department of Transportation (ConnDOT) 
collected and provided the route geometric data using an ARAN 
photologging van. The ARAN van is equipped with a set of gyroscopes 
to collect detailed road geometry such as curvature and grade. Grade 
and curvature data were collected continuously and recorded every 
10 m along the entire length of the test route. According to the 
manufacturer, the ARAN system is capable of providing grade and 
curvature data at “rod and level” accuracy and meets the FHWA 
regulations for curve classification (23). 


Vehicle Instrumentation 


The 1999 Toyota Sienna minivan was instrumented to collect spatial 
location, vehicle and engine operating parameters, and tailpipe 
emissions data simultaneously. Spatial location data were collected 
using Global Positioning System (GPS) receivers. The Garmin 16 HVS 
antenna (24) was used to synchronize all instruments to GPS time. 
The Garmin GPS unit has a published positional accuracy rate of 
less than 49 ft, velocity accuracy at steady-state speed of 0.12 mph, 
and a reacquisition time of less than 2 s. 

An AutoEnginuity STO! ScanTool collected vehicle velocity, 
engine load, and engine revolutions per minute from the vehicle’s 
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onboard computer. Vehicle acceleration data were collected using 
a Crossbow CXLO2LF3 accelerometer mounted on the roof. This 
accelerometer is a three-axis accelerometer with a measurable range 
of —2 g to+2 g and a50-Hz response rate. The accelerometer selected 
for this research has a low noise density and a reported accuracy of 
+0.01 V (0.2 mph/s). The GPS receiver and ScanTool were powered 
by the vehicle, while the accelerometer was powered through the 
data collection port of the desktop computer. Real-world onboard 
gas and particulate tailpipe emissions data were also collected simul- 
taneously but are not used in this analysis. The van was also equipped 
with a forward-facing video camera to record driving conditions 
experienced by the driver. 


Data Preparation 


Data from each of the instruments were merged into one master 
database. The GPS data from the ARAN van, and the GPS data from 
the instrumented minivan allowed the grade and vehicle operations 
data sets to be joined based on spatial location in ArcGIS. Therefore, 
every record in the vehicle operations data set was assigned a grade 
(in percent) and horizontal curvature (radius in meters) based on 
the ARAN data point that was closest to it in proximity. 

Other research studies have identified surrogate variables that 
can be calculated to describe how a vehicle is operating. One such 
variable is VSP. VSP is a measure of engine power demand that is 
calculated from the measured velocity, acceleration, and road grade 
(25). The joining of road grade to the emissions data set allows 
the calculation of VSP when investigating causal factors in vehicle 
emissions. VSP is highly correlated to increased concentrations of 
gas-phase vehicle emissions (25-28). VSP for each second of data 
was calculated using Equation | (25): 


VSP = 1.1(v #*a)+9.81(grade * v) + 0.213(v)+0.000305(v*) (1) 


where 
v = velocity (m/s), 
a = acceleration (m/s”), and 


grade = rise/run [i.e., arctan (slope in degrees)]. 


However, the calculation of a variable from three different sources 
propagates errors. Specifically, when calculating VSP, potential 
sources of measurement error [velocity (at +] mph), acceleration 
(at +0.2 mph/s), and grade (no reported error)] are multiplied, added, 
and cubed. While the propagation of error has been limited by 
instrumentation selection, it cannot be eliminated. 

To analyze the true unconstrained or free-flow driving of an 
individual, constrained versus unconstrained driving was noted in 
the data. The data from the forward-facing video camera were used 
to determine if the test vehicle was constrained by a vehicle, traffic 
control device, or obstacle. The times (HH:MM:SS) at which the 
driver became constrained (7c,) and the second the driver became 
unconstrained (7c,) were recorded. The time displayed on the camera 
was adjusted to match the time recorded by the GPS to ensure the 
camera was synchronized with the other instruments. For this paper, 
data where the vehicle was considered unconstrained were extracted 
and used in the analysis of the real-world lead vehicle operations. A 
driver was classified as constrained at time 7c, to time Tc, if one of 
the four following criteria was met: 


1. If the driver was following another vehicle with less than 5-s 
headway or if a vehicle ahead of the instrumented vehicle applied 
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their brakes. Actual headways were not recorded using instruments, 
but estimated using landmarks along the roadway to determine the 
time interval between the lead vehicle and the test vehicle. 

2. If an intersection with a red or amber signal was visible at any 
point during the approach to an intersection. The vehicle was clas- 
sified as constrained at the instant a red or amber traffic signal was 
visible in the frame of the camera. 

3. If there were roadside obstructions that were not part of the 
typical road geometry. For instance, if there were construction signs 
warning of roadwork ahead, the data would be considered constrained. 

4. If there were any abnormal conditions encountered by a driver 
that had a noticeable impact on the operation of the test vehicle. For 
example, if an instrumented van was approaching the intersection 
with a driveway and it was obvious that the test vehicle reacted to 
the possibility that someone would pull out in front of it, then the 
vehicle would be classified as constrained. 


While the ARAN van provides point-based curvature, other curvature 
characteristics were hypothesized to impact driver behavior. With 
the calculated radius from the ARAN data, more descriptive statistics 
were generated to describe each curve along the test route. The first 
calculated variable was length of curve (LC). Knowing where the 
tangent sections start and end allowed the identification of the starting 
and ending station of each curve; then by simple subtraction the LC 
was calculated. 

With the LC known, the deflection angle (DA) for each curve 
could be calculated using the given radius (R), substituting into 
Equation 2 (29), and making unit conversions. The curve deflection 
angle represents the degree at which the tangent section of the 
roadway deviates into the turn. The deflection angle is important 
because the larger the deflection angle, the more severe the turn and 
presumably the more significant a curve’s impact on unconstrained 
velocity. 


pa={4] +s73}2 (2) 


The lengths of tangent sections approaching and departing a curve are 
also hypothesized to have an impact on the variation in unconstrained 
velocity. The tangent sections of the horizontal alignment provide 
motorists with a clear view of the road ahead (given small grades) 
and the ability to travel at higher speeds between curves. It is 
hypothesized that longer tangent sections allow drivers to accelerate 
to a “comfortable” cruising speed before needing to decelerate to a 
perceived safe speed to negotiate an upcoming curve. Therefore, 
the length of the tangent approaching (LT,) and the length of 
the tangent departing (LTp) a curve were added to the data set by 
simply subtracting the stations of the beginning of tangent from 
the end of tangent. Finally, the data were reduced further into two 
subsets based on their location on subsections of the test route. 
The first criteria were defined based on a uniform posted speed limit 
along the entire section of the section. The second main criteria 
were that major intersections were not included that may alter the 
behavior of a driver. With these criteria in mind, two portions of the 
test route were selected for further analysis. The “curves section” 
(Figure |) of the test route contains multiple horizontal curves of 
varying radii and limited grades. Radii ranged from 153 m up to 
2,000 m, while grades in this section were limited to —5% to 5%. 
Analysis of this section of the test route (State Route 32) focuses 
on the effects of horizontal curvature on unconstrained second- 
by-second velocities since grades are relatively small. According 
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FIGURE 1 Test route subsections. 


to AASHTO (29), “It is generally accepted that nearly all passenger 
cars can readily negotiate grades as steep as 4 to 5 percent without 
an appreciable loss in speed below that normally maintained on 
level roads.” 

AASHTO goes on to say that once grades go above +3% (upgrades), 
there begins to be a slight impact on speeds and the impact progresses 
with an increase in grade. Because there are grade impacts on speed, 
the “grade section” (Figure 1) of the test route (Route 195) was selected 
as a second study section due to the large degree of vertical curvature 
(grades range from —8% to 11%) and limited variation in horizontal 
alignment (only two horizontal curves in this section, both with radii 
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greater than 1,000 m). This section of the test route will focus on 
investigating the effects of grade on unconstrained vehicle velocity. 
Figure | identifies these sections along the test route. 


DATA ANALYSIS 


Analysis of the video data indicated that 45.4% of the data were 
classified as constrained while 54.5% of the data were classified as 
unconstrained (or a lead vehicle). With more than half of the data 
classified as unconstrained, these data suggest that second-by-second 
lead vehicle operation accounts for a significant portion of the 
overall travel on this rural test section. However, it should be noted 
that data were collected from 9 a.m. to 2 p.m. on multiple days, thus 
missing the morning and afternoon peak travel periods. This may 
have biased the percent time unconstrained because of the lower 
number of vehicles on the road during off-peak travel times. Therefore, 
the percent time unconstrained cannot be applied to all time periods 
without further study. 


Curve Section Analysis 


To ensure that the variation seen in vehicle velocity is not spe- 
cific to one vehicle, time series plots were overlaid for the curves 
section (Figure 2). The x-axis is the distance along the test route 
(chainage in miles) and y-axis is the individual vehicle’s velocity 
along the subsection of the test route. The drivers plotted in Fig- 
ure 2 were unconstrained for the entire length of the curve sub- 
section. The majority of drivers increase their velocity from chainage 
(in miles) 3.4 to 3.6 mi and then there is a gradual decrease from 
3.6 to 3.9 mi. 

To test statistically if the test runs had similar patterns in velocity 
profiles, a correlation analysis was conducted between drivers. The 
mean speed was approximately 45 mph, with a standard deviation 
of 2.4 mph. The speed limit on this section of road is 40 mph, and 
24 of the 25 series have a mean speed above 40 mph. 


FIGURE 2 Time series plots for multiple test runs. 


48 


Speed Normalization to Account for Driving Style 


To account for the differences in mean driving speed between the 
individual test runs, the second-by-second speed data for each series 
was divided by the mean speed for that individual series. The data 
were normalized to aid in reducing the impacts of an individual’s 
driving style on the data. This produces a ratio of actual speed over 
the mean and preserves the temporal and spatial patterns in the speed 
data. To aid in analysis and to produce a vertical axis that is easy to 
interpret, the speed ratio was multiplied by the mean speed of the all 
drivers on that section of the test route (44.7 mph). 

The correlation analysis was then repeated for the normalized 
data. This analysis resulted in a mean overall Pearson correlation 
coefficient of 0.78 to 0.89. Overall, this analysis suggests that the 
patterns in vehicle velocity with respect to location are present and 
consistent between test runs and drivers. This variation in the 
second-by-second velocities is not random and should be accounted 
for in traffic simulation models. 


Curve Section Analysis 


Using the subset of 25 unconstrained test runs, box plots (Figure 3) 
were generated for raw speeds and normalized speeds for every LOth 
of a mile in the curve section. The box plots allowed for a graphical 
analysis to determine if sections of the test route had speeds that were 
statistically different from other sections on the test route. From 
these plots there are sections on the test route that are significantly 
different from the others (i.e., boxes at locations do not overlap with 
other sections). Specifically, speeds at chainage 3.55 and 3.93 mi are 
statistically different from each other even though the speed limit 
stays the same. 


Grade Section Analysis 


A similar analysis was conducted for the grade section. A subset of 
runs were used in this analysis because only 11 of the test runs had 
continuous unconstrained driving on the grade section. Figure 4 
shows the box plot of normalized speeds aligned with road grade for 
the grade section to graphically illustrate how grade affects vehicle 
speed. The blue sections of the graph represent a downgrade; the red 
areas represent an upgrade. Visually one can observe that, in general, 
as uphill grade increases there was a reduction in vehicle velocity, 
while segments with a steep downgrade (blue) show an increase in 
normalized vehicle speed. In Figure 4 the peak speeds are seen 
at chainage 13.0 (mile); this station corresponds to a section of 
the route with a negative grade. As the drivers proceed beyond this 
point on the route, the grade becomes a steep upgrade and there is a 
resulting decrease in speed (stations 13.15 mito 13.3 mi). Similar to 
the results for the curves section, Figure 4 also shows that there are 
sections of the route where variations in velocity were consistent 
with location on the route. 


Impact of Vehicle Second-by-Second Operations 
on Accurately Modeling Emissions 


The previous sections describe the variation in unconstrained vehicle 
velocity and identify the second-by-second variations. This section 
evaluates the impact of incorporating accurate variations in lead 
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vehicle operations for traffic simulation-based emissions analysis. 
Research into the correlation of vehicle emission rates and the 
operating mode of a vehicle has prompted several researchers to 
develop a system of binning operational data based on the velocity 
and acceleration of the vehicle at a given time, often | s. Most simply, 
the classes of operating modes have been divided into four “bins”: 
idle, acceleration, cruise, and deceleration. Models or estimates of 
vehicle emissions are “looked up” or grouped by operating bin. The 
definitions for each bin as outlined by Frey et al. (30) were applied 
to each second of valid data in this analysis to see if vehicles on 
horizontal and vertical curves would be coded in different bins, thus 
resulting in different emissions estimates in an emissions model. 
However, the four-bin system is now rarely used. The more sophis- 
ticated vehicle operating binning system currently used in the new 
EPA MOVES model was also applied (3/7). This new binning method 
(using VSP and speed) has increased the need for more accurate 
second-by-second vehicle operation data (i.e., VSP). 

The binning analysis of unconstrained driving suggested that when 
using the traditional four-bin system, the variation in real-world lead 
vehicle |-s speeds on the horizontal and vertical curve sections in 
this study is not large enough to produce significant differences in 
the percent time spent in each operating mode. In this case, the lead 
vehicles would be classified as cruising 95% of the time, whereas 
the traffic simulation data would predict 100% of time was cruise. 
This suggests that for unconstrained driving on rural arterial segments, 
away from intersections, the speed profiles generated by traffic sim- 
ulation may be adequate for modal binning if using the traditional 
four-bin system. 

Table | outlines the VSP, speed-based binning definitions used 
in MOVES2009 that were applied to the data collected for this 
research (3/). When data with a constant velocity in unconstrained 
conditions (representative of lead vehicle velocity generated by 
typical traffic simulation models) are binned using the EPA definitions 
in Table 1, 100% of the data would be assigned to bin number 22. 
However, when applying the EPA’s VSP speed binning system to 
the on-road, onboard data along sections A and B for time periods 
where vehicles were classified as lead vehicles, data would be assigned 
to seven different bins: 42% of the data were assigned to bin 22, 
40% were assigned bin 0, and 17% were assigned to bin 33. The 
remaining 1% of the data would be distributed over bins 11, 12, 21, 
and 23. This illustrates how more realistic lead vehicle operations in 
a traffic simulation model will predict more, higher emitting VSP bins 
in microscopic emissions estimates. This suggests that the current 
models would underestimate emissions. 

To illustrate the real-world impacts of horizontal and vertical 
curvature on ultrafine particle number (PN) emissions, two 30-s 
time periods for a single driver were selected from this data set. For 
the first 30-s period, during a curve section of the test route, the 
driver maintained a constant speed of 43 mph (+1 mph). The first 
5s of data were removed after a constant speed was reported by the 
ScanTool to reduce the history effects of acceleration and deceleration 
on the sample. The ultrafine PN emission rate measured during 
this experiment (32) for this time period was summarized and the 
results can be found in Table 2, where first data row “constant 
speed” displays data for the section mentioned above. The next row 
(variable speed) displays a summary based on a following 30 s of data 
as the same vehicle and driver approach a curve. For this section, the 
speed decreases to 37 mph and then increases to 47 mph. Table 2 
demonstrates that the variation in speed seen in unconstrained 
driving can have an impact on the range and scale of ultrafine parti- 
cles emitted. The constant speed section has a mean that is a factor 
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FIGURE 3 Curve section: (a) raw and (b) normalized speed box plot. 
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FIGURE 4 Grade section: normalized speeds box plot. 


of 10 smaller than the variable speed section and a much smaller 
standard deviation than the variable speed section. 

Table 2 suggests that if a lead vehicle is assigned a constant speed in 
a traffic simulation model, the emissions impact from that inaccurate 
assumption could result in an underestimation of the true emissions 
rate. Furthermore, based on car-following theories and equations 
used in traffic simulation, slight variations in lead vehicle behavior will 


TABLE 1 EPA MOVES2009 Activity Binning 
Definitions (97) 


VSP/Instantaneous Speed 0-25 mph 15-50 >50 


<0 kW/tonne Bin 11 Bin 21 — 
0-3 Bin 12 Bin 22 _ 
3-6 Bin 13 Bin 23 _ 
6-9 Bin 14 Bin 24 — 
9-12 Bin 15 Bin 25 — 
212 Bin 16 Bin 26 Bin 36 
6-12 — —_— Bin 35 


<6 — — Bin 33 


Note: braking = bin 0; idle = bin 1. 


influence operation of vehicles following the lead vehicle. Overall this 
suggests that variations in second-by-second lead vehicle operation 
will increase second-by-second PN emissions for the lead vehicles 
as well as all other vehicles in the traffic simulation. 


MODELING LEAD VEHICLE DYNAMICS 


Preliminary models were developed to describe the variation in 
second-by-second velocity of a vehicle for the curve section and for 
the grade section independently. Ordinary linear regression analysis 
assumes that the error variance is the same for all observations. For 


TABLE 2 Comparison of Real-World PN Emissions 
by Speed Variation 


Standard 
Mean (#/s) Max. (#/s) Min. (#/s) Deviation (#/s) 
Constant 7,900,000 19,000,000 = 2,000,000 5,200,000 
speed 
Variable 75,000,000 == 350,000,000 960,000 110,000,000 
speed 


Note: # = number of particles. 
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this data set, the error variance is not constant (heteroscedastic) and 
the ordinary least-squares estimates are inefficient. An autoregressive 
error model was necessary to address these issues of autocorrelation 
in the time series data set. The form of this model is represented in 
Equations 3 and 4. 


AV, = +B, + Bix, +++ +BY, +H, (3) 
LL, = Oh, + Qo,» +€, (4) 
where 


AV, = second-by-second deviation from the mean speed (V,); 
® = constant (set to zero); 
B, = parameter estimate; 
xX), = inverse radius, length of curve, distance from curve, distance 
to curve; 
Lt = error estimate; 
parameter estimates for the first- and second-order error 
estimates; and 
€ = normally distributed error term with mean of zero and 
standard deviation of o* IN(0,0°). 


ll 


a 
ll 


An autoregressive model was developed by using speed deviation 
as the dependent variable. The autoregressive model was further 
enhanced by specifying a second-order (NLAG = 2) autoregressive 
error term. Because the dependent variable had a mean of zero, 
the model was fit without an intercept (i.e., intercept = 0). Multiple 
iterations of the modeling procedure were performed to remove 
parameters that were not statistically significant to the model (@=.05). 
A correlation analysis determined that none of the predictors used 
in model development were highly correlated. The maximum cor- 
relation coefficient of .61 was found between LC and change in 
curvature (DA). 


Modeling Results: Grade Section 


Recall that the grade section of the route has few horizontal curves 
but significant grades (up to 12%). The objective of this first model 
was to investigate the impacts of grade on speed. The generated model 
has a total R? of 0.90 and a root-mean-square error of 0.834 mph. 
Since there were only two horizontal curves on this section, none 
of the parameters relating to horizontal geometry were found to be 
significant to the prediction of second-by-second speeds. Grade was 
determined to be the only independent variable for this section of the 
test route that was statistically significant. Equations 5 and 6 represent 
the final model, which indicates that with every 1% increase in grade 
there will be a 0.33-mph decrease in vehicle velocity. For example, 
ona5% upgrade, one could expect a 1.6-mph decrease in mean speed. 
Conversely, on a 6% downgrade, one could expect an increase in 
speed of 1.9 mph above the mean travel speed. This analysis indicates 
that grade can affect the second-by-second speed of a vehicle. 


AV, = -0.33(grade)+ LL, (5) 


Lu, =—0.97u,_, + 0.046, +, (6) 


Modeling Results: Curve Section 


A second-order autoregressive error model with an intercept set to 
zero was developed for the curve section data by using the same 
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TABLE 3 Full Model Independent Variables for Curve Section 
Standard Approx. 
Variable (in km) DF Estimate Error t-Value Pr> | t 
Inverse radius I —0.700 0.015 —4.70 <.0001 
Length of curve I 2.815 0.522 5.39 <.0001 
Distance from 1 0.322 0.033 9.84 <.0001 

curve 

Distance to curve 1 0.833 0.221 307d .0002 


modeling techniques. The resulting model had a total R* of 0.86. 
Table 3 contains the statistically significant predictors and their 
estimated coefficients. Figure 5 contains a time series plot of single 
unconstrained driver’s data with the actual and predicted speeds 
plotted. 

For the curve section of the test route, grade was determined not to 
be significant when considering the second-by-second speed deviation. 
Unlike on the grade section of the test route, the grades on the curve 
section are mild (range from —5% to 4%). This could account for grade 
not being significant in the curve section model. This conclusion fits 
with the observations made by AASHTO (29) that grades up to 4% 
or 5% do not cause an “appreciable” loss in speed. The curve section 
model also indicates that the metrics of a curve and distance from 
the curve can be used to model the mean change in velocity. 


SUMMARY AND CONCLUSIONS 


The objective of this research was to quantify and model the second- 
by-second variation of lead vehicle operations in a real-world, on-road 
data set as a function of horizontal and vertical curvature. The initial 
analysis of vehicle operation on the route demonstrated that there are 
significant variations in speed along the test route and these variations 
are systematic with location along the route. Because following 
vehicles are reacting to the second-by-second operation of the lead 
vehicle, it is important that simulated lead vehicle dynamics are 
accurate. Therefore, there is a need to develop a method to describe this 
variation so future simulation models would be able to incorporate 
realistic lead vehicle behavior. 

Analysis of the grade section shows that grade has a significant 
impact on vehicle operation. Steep grades can affect lead vehicle 
behavior and should be incorporated into current traffic simulation 
models to aid in the modeling real-world vehicle velocity. However, 
grades of less than 5% do not appear to have a significant impact on 
speeds. The findings suggest that, for grade sections, for every 1% 
change in grade there will be a 0.33-mph change in vehicle velocity. 
For example, a grade of +7% would result in a reduction in mean 
travel speed of 2.3 mph. The curve analysis indicates that the degree 
of curvature and distance to and from a curve have a significant 
impact on mean vehicle speed. 

The focus on velocity was to demonstrate that there are non- 
random variations in vehicle speeds that can be associated with road 
geometry. This paper has demonstrated that horizontal and vertical 
curvatures contribute to dynamic operation for lead vehicles. The 
second-by-second operations of these lead vehicles in turn have a 
significant impact on the second-by-second patterns of the following 
vehicles based on accepted car-following theories. Therefore, if 
vehicle dynamics data from traffic simulation output are going to be 
used for mobile source emissions modeling, it is critical that lead 
vehicle operations be modeled accurately. 
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FIGURE 5 Actual and predicted speeds for a single run. 


The current trend in mobile emissions modeling suggests that 
future models (including the current EPA MOVES model) will utilize 
second-by-second vehicle operation data for all vehicles in the fleet 
to create an accurate estimate of emissions for the transportation 
network. However, current microscopic traffic simulation models 
were not designed to provide data of the required accuracy. Of 
particular importance is the exclusion of vertical curvature (or grade) 
in both traffic simulation and emissions modeling which prevents 
the accurate calculation of VSP, which much recent research has 
identified as a key predictor of second-by-second vehicle emissions. 
We therefore recommend that the next steps in the collection of data 
for calibration and estimation of new vehicle dynamics models be 
focused on grade. 
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Using Portable Emission Measurement 
Systems for Transportation 


Emissions Studies 


Comparison with Laboratory Methods 


Huan Liu, Matthew Barth, George Scora, Nicole Davis, and James Lents 


Portable emission measurement systems (PEMS) are increasingly being 
used in a variety of transportation research projects to determine the 
impact of real-world vehicle emissions. One of the key questions that 
remain is how well these systems perform compared with testing that 
occurs in controlled laboratory conditions. To help answer this question, 
three PEMS were carefully evaluated for both gasoline and diesel light- 
duty vehicles in a dynamometer test facility. The evaluation was focused 
on the systems’ accuracy, time correspondence, and suitability for 
measuring transient emissions. Both cumulative mass emissions and 
modal emissions for carbon monoxide (CO), hydrocarbons (HC), oxides 
of nitrogen (NO), and carbon dioxide (CO) were measured for three 
gasoline and three diesel vehicles on three widely varying driving cycles. 
All of the PEMS proved to be both reasonably accurate and precise. 
The CO, emissions measured by the PEMS were in excellent agreement 
(within 98%) with measurements from the laboratory system. Other 
pollutants measured were found to be in reasonable agreement (within 
20% or better) for NO, and HC on diesel vehicles and CO on gasoline 
vehicles. The second-by-second emission rate measured with the PEMS 
matched well with the corresponding laboratory modal analyzer data 
for CO2, NO,, and CO under all driving cycles. Transient emissions of all 
pollutants agreed within 10% of the two systems for more than 6,000 data 
points from each vehicle. The results suggest that when properly set up 
and calibrated, PEMS are capable of measuring emissions from both 
gasoline and diesel vehicles to an accuracy within 20% of conventional 
laboratory modal analyzer systems. 


In recent years, portable emission measurement systems (PEMS) 
have become increasingly used in a variety of transportation research 
projects to determine the impact of real-world vehicle emissions. 
For example, researchers use PEMS to measure emissions in a target 
area, such as the toll area (/), the high-occupancy-vehicle lane (2), 
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the arterial signal area (3), or even the whole city (4). Researchers 
also use PEMS to measure emissions on target vehicles, such as 
heavy-duty vehicles (5, 6) or biodiesel vehicles (7). In part of the 
multisponsored Kansas City Light-Duty Vehicle Emission Study, 
PEMS units were found to compare favorably to dynamometer 
results and were used to collect emission factors and activity data 
from light-duty vehicles (8). PEMS are also used as a tool to bridge 
the gap in transportation and emissions models (9, 70). In addition, 
several vehicle emissions models depend on PEMS measurements, 
such as the international vehicle emissions model (//). It is now 
relatively straightforward to purchase commercial PEMS from dif- 
ferent manufacturers and to install the units in a variety of different 
vehicle types. Most PEMS require very careful setup and maintenance 
during the tests. One of the key questions that remain is how well these 
systems perform compared with testing that occurs in controlled 
laboratory conditions. 

The focus of this study is on the comparison of emission results 
from different PEMS and a light-duty chassis dynamometer facility 
with a full-flow constant volume sampling system. The goal of this 
study was to determine whether PEMS can be utilized as a tool for 
either emissions inventory development or in-use compliance. 

Currently, PEMS are used to collect vehicle emission rates 
as a complementary method to federal test procedures. On-road 
emission testing requires different methodologies than traditional 
approaches of testing in the laboratory. One of the key advantages 
of PEMS is that they can capture real-world scenarios without 
trying to repeat these scenarios in the laboratory. Furthermore, 
using PEMS can result in lower costs and time for measuring mobile 
emissions. 

There are other ongoing studies to evaluate whether PEMS can 
be used to test real-world emissions for the purposes of compliance, 
regulation, or decision making (/2—/6). Most of these studies focus 
on oxides of nitrogen (NO,) and carbon dioxide (CO;) from diesel 
vehicles. 

In this study, both gasoline and diesel light-duty vehicles were 
tested under different driving conditions. A total of six in-use 
vehicles were recruited and tested on a single-roll 122-cm (48-in.) 
dynamometer over three different driving cycles. For each of these 
cycles, second-by-second tailpipe CO2, NO,, carbon monoxide (CO), 
and hydrocarbon (HC) emissions data were collected. For diesel 
vehicles, particulate matter (PM) emission data were collected as 
well. All the data were utilized to compare PEMS output with 
output from the laboratory quality analyzers for the key exhaust gas 
components. 
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TABLE 1 Measurement Capabilities of Individual Instruments 
Pierburg PEMS1 PEMS2 PEMS3 
HC FID‘ FID FID FID 
co NDIR? NDIR NDIR NDIR 
CO, NDIR NDIR NDIR NDIR 
NOx CLD‘ NDUV‘ NDUV NDUV 
PM Not measured Not measured Ionize and collect by size Not measured 
Flow Constant Pressure differential Pressure differential Pressure differential 


Sample Dilute exhaust Raw exhaust 


Raw exhaust Raw exhaust 


“Flame ionization analyzer. THC (total hydrocarbon), C;, and CH, were recorded. 


’Nondispersive infrared analyzer (NDIR). 
“Chemiluminescence analyzers (CLA). 


“Nondispersive ultraviolet (NDUV): the NO and NO, constituents of NO, can be measured simultaneously and 


independently. 


EXPERIMENTAL PROCEDURES 
Instrumentation 


All tests were conducted at the Vehicle Emissions Research Labo- 
ratory at the University of California, Riverside, equipped with a 
Burke E. Porter 48-in. single-roll electric dynamometer (/7). For these 
tests, second-by-second measurements were obtained for HC, CO, 
NO,, and CO, using two types of instruments. A Pierburg AMA-4000 
bench was used as a laboratory whole flow measurement system (/8). 
The concentrations were measured and then converted into mass 
emissions rates by multiplying by the density and the time-aligned 
exhaust flow rate (19). Three PEMS were evaluated with their flow 
meter system. The PEMS include a Semtech G (PEMS 1), aSemtech D 
with a Dekati Mass Monitor for PM (PEMS2), and a Semtech DS 
(PEMS3). The measurement capabilities from each PEMS and 
Pierburg differed as summarized in Table 1. 

PEMS|1 was used only for gasoline vehicles and PEMS2 was used 
only for diesel vehicles. The PEMS3 and Pierburg instruments 
were both used throughout the entire testing procedure. 

The Pierburg system utilizes measurements for both methane 
and propane. Only propane was used as an audit for PEMS. The 
Semtech G only measures nonmethane hydrocarbons. 

Figure | presents a flow diagram for the overall emissions testing 
system. The exhaust flow in the PEMS dilution device is measured 
with a Dwyer differential pressure transducer, which is accurate to 


0.25% of full scale. The differential pressure gauge is used to mea- 
sure the pressure difference between P2 and P3 shown in Figure 2. 
A microfilter produces particle-free air to be diluted with the exhaust 
sample. The exhaust sample and dilution air are heated to 110°C to 
avoid water and organic condensation. The dilution level reaches 
values from 20:1 to 30:1 depending on the vehicle tested and the 
exhaust flow rate. 


Test Vehicles 


Six vehicles were selected and tested in this study. This fleet included 
three gasoline vehicles and three diesel vehicles. Table 2 describes 
the vehicles. 


Procedure 


Three different driving cycles were used in this study: (a) the Federal 
Test Procedure (FTP) (40 CFR Parts 86-99), (b) the high-speed 
US06 cycle (20), and (c) a specially designed modal emission cycle 
(MECO01) (2/). 

A complete FTP test was selected as a standard certification 
testing procedure to provide baseline information about a vehicle’s 
emissions, which could be used as a reference to compare with 
existing tests of other vehicles. The US06 is a high-acceleration 


PEMS1 or 
PEMS2 (for 
Gas) 


PEMS3 Pierburg 


eated Sample 
Vehicle Exhaust ine 
4 PEMS Flow 
Measurement Device 


PEMS Dilution Unit 


PEMS2 (for PM) 


FIGURE 1 Flow diagram for overall emissions testing system 
(CVS = constant volume sampling). 
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Pressure Tap 
for Flow Measurement 


* 


P3 


Micro-Filter (99.9% PM2.5 removal) 


Heating Elements 
aie 


Diluted Exhaust to Dekati Sampler 


Dilution Control 


(10 liters/minute) 


FIGURE 2 PEMS flow measurement and dilution device. 


aggressive driving schedule that is often identified as part of the 
“Supplemental FTP” driving schedule. The MECO1 cycle was 
designed to exercise a vehicle across a variety of modal events and 
includes rapid load reduction and long deceleration events. The 
MECO1 also includes a set of constant speed cruises, speed fluctuation 
driving, and constant power driving. Details of the MECO1 cycle are 
given in a previous paper (2/). 


RESULTS 
Steady-State Correlation 


The cumulative mass emissions (CMEs) for each driving cycle were 
calculated and compared. By comparing the pollutants’ emissions, 
the bias for a given pollutant and driving cycle could be determined. 
The correlation plots for pollutants between the PEMS and Pierburg 
instruments are provided in Figures 3 and 4. The smallest CMEs 
were produced under the FTP cycle followed by the US06 cycle. 
The MEC cycle produced the most emissions. 

PEMS|1 and PEMS3 were used for gasoline vehicles. Comparisons 
between the two data sets showed regression line slopes between 
0.91 and 1.24 and R? correlations greater than 0.95 for CO; and CO 
for all PEMS. This result is quite reasonable because all PEMS 
units tested and the Pierburg analyzer use a nondispersive infrared 
analyzer to measure CO and CO;. NO, is 30% lower for PEMS than 
for Pierburg. However, it should be noted that the difference in CMEs 
for NO, between PEMS and Pierburg is less than 2 g per cycle. NO, 
emissions are much lower than other pollutants, which may lead to 
a high percent difference, but still low absolute difference between 
measured values. The HC CMEs from gasoline vehicles are almost 
incomparable between PEMS and Pierburg because target components 
tested are different. Considering that different flow measurement 
systems will introduce some differences into the system, the results 
illustrated the reliable CMEs measurement capability of PEMS. 


TABLE 2 Description of Tested Vehicles 


ID Maker Model Fuel 
1 Ford Escort G 
2 GMC Pickup truck G 
3 Ford Expedition G 
4 Chevrolet Silverado D 
3 Chevrolet Silverado D 
6 Mercedes 300D D 


Note: GVWR = gross vehicle weight rating. 


Year 


1996 
2002 
2005 
2005 
2006 
1984 


Figure 4 provides the CMEs results for all gaseous pollutants 
from diesel vehicles when the PEMS are compared with Pierburg. 
The results showed excellent linear relationships between CO, and 
NO, for all PEMS (regression slopes >0.88 and <1.01), with good 
R’ correlations (>0.93) as well. A unique finding in this research is 
that HC measured by PEMS also has a relatively good relationship 
with Pierburg (regression slopes >1.01 and <1.24). Compared with 
PEMS2, PEMS3 performed better in the MEC cycle, so the regression 
slope was improved from 1.23 to 1.01. For all pollutants under the 
FTP and US06, PEMS2 and PEMS3 showed good agreement with 
Pierburg. The MEC cycle always produced the highest emissions 
and introduced some differences for CO and HC measurements. 
Pierburg measured lower CO emissions than all PEMS, with devi- 
ations in the range of 30% to 100%. However, the correlation results 
between the PEMS and Pierburg instruments still showed good R? 
values (>0.92) for all PEMS for CO, which is evidence of the stability 
of the instruments. 


Comparison of Two PEMS for Diesel Vehicle 
on Basis of Instantaneous Data 


Figures 5 and 6 show scatter plots with trend lines for the instantaneous 
emission data from PEMS instruments and the Pierburg analyzer for 
diesel vehicles. PEMS2 shows significant correlation with Pierburg 
for CO, CO;, and NO, emissions, as illustrated in Figure 5. PEMS2 
matched Pierburg measurements, even in the high emission cycle. 
The deviation is 1% for CO;, 15% for NO, emissions, and 30% for CO. 
It should be noted that most of the data points for CO emissions are 
clustered around the low end of the CO emission range with only a few 
points populating the higher end of the range. 

Figure 6 provides the scatter plots for PEMS2 versus PEMS3. These 
two pieces of equipment utilize the same measurement technique 
and both perform well. PEMS2 and PEMS3 demonstrated similar 
capability to measure transient emissions. Both of these PEMS units 


Engine Size GVWR Curb Weight 
(L) (Ib) (Ib) 
2.0 3,400 2,478 
4.3 4,900 3,050 
5.4 7,100 5,452 
6.6 6,400 3,900 
6.6 9,700 5,700 
3.0 3,300 2,400 
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FIGURE 4 Correlation plot of CMEs for diesel vehicles: (a) COz, (6) NO,, (c) CO, and (d) HC. 


58 
0.5 4 
y= 1.3744x 
oa | R?=0.854 
O13 = 
% 
we 
=h2 4 
= 
Lu 
a 
0.1 
oo =, $3 
0 0.1 0.2 0.3 0.4 0.5 
Pierburg (gs) 
(a) 
0.15 
y = 0.8567x 
| R2= 0.9793 
0.10 
bh 
£2 
Ww 
= 0.05 
a 


Cen ee 


0 0.05 


Transportation Research Record 2158 


15 20 25 
Pierburg (g s"+) 
(b) 


6) 5 10 


O12. 
Pierburg (g s+) 


(ce) 


FIGURE 5 Comparison of instantaneous emission rates of diesel test vehicles for PEMS2 and Pierburg: (a) CO, (b) CO2, and (c) NO,. 


are stable in the full measurement range, from very low concentrations 
above the detection limit to the highest concentration that occurred 
during testing. NO, plots showed scatter in a larger range than other 
pollutants, but both the slope of the trend line (0.93) and the cor- 
relation coefficient (R? = 0.92) are acceptable. The variance and 
measurement correlation values for all the PEMS units fulfilled 
the primary objective of vehicle emission testing. 

The transient mass correlation could be used for evaluating 
the following aspects: response time, variety, peak value, and base 
value. For all pollutants, PEMS 1 and Pierburg have precise response 
to the emission change. Profiles from these two systems match each 
other well on both the response time and the value. PEMS1 and 
Pierburg show a similar peak value for CO, and NO,, but some high 
CO peaks were only captured by PEMS1. Also, PEMS1 has higher 
CO, measurements during idle than Pierburg. 

Pierburg, PEMS2, and PEMS3 show good performance for the 
diesel test. The time alignment, emission trace, peak value, and base 
value all matched well for CO, NO,, and CO. PEMS2 and PEMS3 
show closer results for HC than PEMS2 does compared with Pierburg. 
The HC measurements using the PEMS were in good agreement 
with each other. 


The predictive performance of all three PEMS is good. In general, 
all emission data series exhibited similar trends for PEMS and 
Pierburg, including CO, CO, HC, and NO, exhaust emissions during 
the whole combined driving cycle. 


DISCUSSION OF RESULTS AND CONCLUSION 


The goal of this study was to provide a snapshot of the capabilities 
of PEMS for transportation-related emission research. The results 
show that PEMS have quick and precise response to most pollutants 
for most driving cycles. 

PEMS showed good capacity to be used for capturing emission 
changes in the microtraffic research. PEMS have strong linear relation- 
ships to the laboratory modal system for all pollutants on both response 
time and value. All the correlation results between the PEMS and 
laboratory modal system showed good R? values (0.85, 0.98, and 0.98). 
PEMS and Pierburg get similar peak values for CO, and NO,, but 
some high value peaks were only captured by PEMS. For normal 
traffic activity, PEMS are reliable. PEMS were evaluated to be as 
good as laboratory modal system under most driving conditions. As 
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an example, for normal to aggressive driving cycles, such as FTP 
and US06, the PEMS showed agreement with the laboratory modal 
system within 5% for HC. For the MECOI cycle, PEMS get 20% 
higher HC than the laboratory modal system. 

The agreement between PEMS and the laboratory modal system 
also varied depending on the pollutant. PEMS showed agreement 
within 3% for CO, and 15% for NO, with diesel vehicles and within 
10% for CO; on gasoline vehicles. HC and CO emission levels were 
relatively low for testing, and the PEMS showed larger deviations. 
Table 3 gives a suggestion value of systematic variation, which could 


TABLE 3 Systematic Variations Under 
the FTP-USO6-MECO1 Cycle (%) 


HC co NOx CO; 
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FIGURE 6 Comparison of instantaneous emission rates of diesel test vehicles for PEMS2 and PEMS3: (a) CO, (6) COz2, (c) NO,, and (d) HC. 


be used to estimate possible departure. However, it should be noted 
that this value is generated based on the driving cycle mentioned in 
the procedure section. 
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TAMNROM-3D 


Three-Dimensional Eulerian Model 
to Simulate Air Quality near Highways 


Sri Harsha Kota, Qi Ying, and Yunlong Zhang 


Most models for the study of near-road air quality are based on either 
steady-state Gaussian equations or Lagrangian puff formulations to 
describe nonreactive pollutant concentrations at receptor sites. The 
accuracy of the dispersion calculation is often limited because of sim- 
plifications that are necessary to derive the analytical solutions. The 
general source—receptor structure of these models limits their capabili- 
ties to treat rapid chemical and physical processes that were recently 
observed in the near-road environment. A new three-dimensional (3-D) 
Eulerian near-road air quality model, the Texas A&M Near-Road Model 
(TAMNROM-3D), was developed. The enhanced pollutant turbulent 
diffusion caused by moving vehicles is handled in TAMNROM-3D by 
a revised yehicle-induced turbulence parameterization scheme. The 
performance of TAMNROM-3D on nonreactive tracer dispersion is 
evaluated with the SF, data set collected by General Motors during a 
1975 sulfate dispersion experiment. Predicted concentrations show good 
agreement with observations under different wind conditions. Model 
performance statistics are compared favorably with those reported by the 
ROADWAY-2 model. Sensitivity studies indicate that the model is robust 
to reasonable uncertainties in the model parameters and input data. 


Emissions from highway vehicles significantly affect local and 
regional air quality (/, 2) and contribute to global climate change 
(3). It is estimated that approximately 11% of the population of the 
United States lives within 100 m from highways (4). Epidemiological 
studies have indicated an increase in lung and respiratory-related 
diseases with a decrease in the distance of residences from roadways 
(5). Quantitative evaluation of the pollutant levels near highways 
using numerical near-road air quality models is a necessary com- 
plement to air quality monitoring programs to provide essential data 
for traffic planning (6, 7), congestion mitigation (8), and human 
health studies to link personal air pollution exposure to health 
effects (9). 

Models to predict air quality near highways differ in their approaches 
in representing emissions from the vehicles, the pollutant dispersion 
processes, and level of details in treating chemical and physical 
processes. Depending on the different approaches to model the 
atmospheric dispersion process, existing near-road air quality models 
can be grouped into three major categories: steady-state Gaussian 
models, Lagrangian models, and Eulerian models. 
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Several models used in near-road air quality studies are based on the 
steady-state Gaussian solution to the atmospheric dispersion equation 
for point or line sources to determine nonreactive air pollutants near 
highways (/0-12). For pollutants undergoing fast chemical reactions, 
semiempirical methods, such as assuming a first-order decay, are 
often adopted (73). Additional turbulent diffusion caused by moving 
vehicles on the highways significantly affects the dispersion of air 
pollutants. This process is handled differently in different Gaussian 
models. For example, the CALINE models account for the dispersion 
due to vehicle-induced turbulence (VIT) with an additional heat flux 
in the stability class calculations (10). The UCD2001 model accounts 
for VIT by simply assuming that pollutants emitted from vehicles 
are immediately well mixed within the mixing zone that extends 3 m 
laterally from the roadway and 2.5 m above the roadway (//). 
Sahlodin et al. applied a computational fluid dynamics model to 
estimate the increase in the Gaussian dispersion parameters due to 
the additional turbulence created by the moving vehicles (/4). 

Lagrangian models have also been used in near-road air quality 
applications. In the TRAQSIM model developed at University of 
Central Florida (/2), emissions from individual highway vehicles are 
simulated as discrete air parcels as the vehicles move on the highway. 
The pollutant concentrations in the air parcel at receptor locations 
are described by the Gaussian puff equation. The effect of VIT on 
dispersion is accounted for by an additional contribution term to the 
dispersion parameters using a parameterization developed by Eskridge 
et al. (/5—/7). Similar to the steady-state Gaussian models, detailed 
treatment of chemical and physical transformation processes is not 
included in the TRAQSIM model. 

Eulerian chemical transport model (CTM) is a natural extension 
to the Lagrangian approach to determine the spatial and temporal 
distribution of pollutants near highways. In Eulerian models, space and 
time are discretized and concentrations of air pollutants are determined 
by numerically solving the equations that govern the transport, trans- 
formation, and removal of air pollutants based on first principles. 
The Eulerian approach has been widely used in regional air quality 
models, but its application to near-road air quality studies are few 
because of the difficulty in accurately accounting for the VIT. Rao 
et al. formulated a two-dimensional Eulerian model ROADWAY-2 
for pollutant dispersion near highways (/6, /9). The ROADWAY-2 
model directly predicts wind and turbulent diffusion parameters 
using a turbulent kinetic energy closure model with adjustments for 
the turbulence production in vehicle wakes based on the Eskridge 
parameterizations (/5, 17). The model performance has been eval- 
uated using SF, measurements from the sulfate dispersion experiment 
conducted by General Motors (GM). However, the ROADWAY-2 
model only includes simple nitrogen oxide (NO,) chemistry but does 
not include a complete treatment of the photochemistry and particle 
microphysics. 
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For a complete evaluation of air quality near highways, it is 
necessary to simultaneously determine the spatial and temporal 
distribution of multiple air pollutants and accurately simulate the 
chemical and physical processes during their dispersion to down- 
wind locations. This paper describes the formulation of a new three- 
dimensional (3-D) Eulerian near-road air quality model, the Texas 
A&M Near-Road Model (TAMNROM-3D) and the initial evaluation 
of the model with GM’s SF, data set. The uniqueness of the model 
is the inclusion of a new turbulence parameterization for the VIT in 
a general 3-D air quality model. 


MODEL DESCRIPTION 


TAMNROM-3D is a 3-D Eulerian air quality model that simulates the 
emission, dispersion, transformation, and removal of gas and partic- 
ulate air pollutants emitted from highway vehicles. The model includes 
arevised SAPRC-99 photochemical mechanism to simulate six air 
toxics from mobile sources: benzene, | ,3-butadiene, formaldehyde, 
acetaldehyde, acrolein, and methyl tert-butyl ether. The inputs needed 
to run TAMNROM-3D include (a) gridded wind, temperature, and 
atmospheric turbulent diffusion coefficients; (b) gridded pollutant 
emission rates; and (c) gridded vehicle density and vehicle speed. 

A simple meteorology preprocessor is developed to interpolate 
the meteorology observations to the model domain and calculate the 
atmospheric turbulent diffusivity at each grid cell. Gridded emissions 
from vehicles are prepared with an emission preprocessor based on 
the U.S. Environmental Protection Agency’s MOBILE6 model. 
TAMNROM-3D does not include a traffic simulation module. Thus 
the vehicles’ velocity, density, and fleet composition on each highway 
section represented in the model need to be derived from existing 
traffic simulation models. Details of the gas-phase photochemical 
mechanism, the emission preprocessor, and the treatment of particles 
will be described in a separate paper. In this paper, the governing 
equations of the TAMNROM-3D model and the solution procedures 
are described in more detail. 


Governing Equations 


The fundamental equation that describes the transport, chemical 
transformation, and removal of air pollutants in the atmosphere 
is the reactive chemical transport equation, shown in Equation | for 
Cartesian coordinates: 


ot ox, ox 


i 


aes uC) d [x aC; 


Jre+s L, i=1,2,3 (I) 


where 


C; = concentration (ppb/s) of an arbitrary air pollutant as a func- 
tion of space and time, 
t = time, 
i = three directions in the Cartesian coordinates, 
u = wind speed (m/s), 
K = turbulent diffusion coefficient (m7/s), 
R = rate of formation of the pollutant due to chemical reactions 
(ppb/s), 
S = increase of pollutant concentration due to emission (ppb/s), 
and 
L = loss rate (ppb/s). 


To account for the turbulence produced in vehicle wakes to 
the dispersion of pollutants, TAMNROM-3D implements the 
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two-dimensional VIT parameterization scheme developed by Biumer 
et al. (20) with slight modifications for a 3-D model framework. The 
scheme assumes that the overall turbulent diffusivity (K;) in the 
atmosphere near highways can be estimated by the addition of 
the background atmospheric turbulent diffusivity (Kj,.) and the 
additional diffusivity due to moving vehicles (Kjm,), aS shown in 
Equation 2: 

K = Boe + Bags, 
Kiatm iS calculated in the model with the planetary boundary layer 
similarity theory as described in Garratt (2/) and Jacobson (22), 
based on the interpolated vertical wind and temperature profiles. 
The Biiumer scheme suggests that K;,,,, can be parameterized as a 
simple function of the extra turbulent kinetic energy (TKE) created 
due to the moving vehicles (/6), as illustrated in Equation 3: 


K, a Le (3) 


The turbulence characteristic length scale L; is taken as the average 
length of all the vehicles along direction / in a given grid cell; é,,,, the 
TKE due to vehicle movement, is determined in the Baumer scheme 
by solving the prognostic equation of TKE (23), as illustrated in 
Equation 4: 
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where P and € are the TKE production and dissipation rate, respectively. 
P and € are estimated in Equations 5 (20) and 6 (23): 
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where 


= vehicle density (number of vehicles per grid cell); 
cy = vehicle drag coefficient; 

W, H, and V = mean vehicle width, height, and velocity; and 
Q, = volume of a model grid cell. 


| 


Since the dimensions and speed of the vehicles in a grid cell can 
be significantly different for passenger cars (pc) and heavy-duty 
vehicles (hd), their contributions to TKE production is estimated 
separately. For Equation 6, it can be seen that the dissipation of TKE 
is inversely proportional to height (z) above surface (23). c, is a 
proportionality constant determined through experiments. 
Theoretically, the mean wind speed and direction near highways 
are also affected by the wakes of the passing vehicles. However, in the 
current model, this wake effect is neglected. Monte Carlo simulations 
are performed to evaluate the sensitivity of the predicted concentra- 
tions to the wind velocity and turbulent diffusivities. The sensitivity 
studies are discussed in a later section. No specific treatment of the 
rise of the exhaust plume from the tailpipe is included in the current 
model. All emissions from the tailpipe are immediately well mixed 
in the first model layer and are transported to the higher layers 
through vertical diffusion. It is expected that large K values near the 
surface should be able to move the pollutants fast enough so that the 
buoyancy effect can be neglected. This might not be the case when 
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the atmosphere is very stable due to temperature inversion or small 
VIT. Future modification of the model will include a proper treatment 
of the buoyancy effect. 


Solution of the Governing Equations 


The TAMNROM-3D model can be used to simulate both steady-state 
and transient pollutant concentrations near highways. Baumer et al. 
(20) did not describe the solution techniques for this coupled system, 
so the authors’ solution method is described briefly below. 

In the transient applications, TAMNROM-3D can take emis- 
sion and meteorology inputs at user-specified time resolution and 
Equations | to 6 are solved simultaneously with proper initial and 
boundary conditions. The time resolution of the inputs needs to be 
on the order of a few minutes or less to make meaningful transient 
predictions because the predicted concentration fields will reach 
steady state in a few minutes under typical metrological conditions 
and domain size (~500 m) if the emission does not change rapidly. 

A more typical application is to use the model with hourly emis- 
sion and meteorology data to predict the steady-state concentrations. 
In this case, the model first solves Equations 2 to 5 until e,, reaches 
steady state. Equation | is then solved for all species using the updated 
K fields. The convergence criterion for e,,, is shown in Equation 7: 
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<5x10° for all grid cells (7) 


Operator splitting technique (24) was employed to solve Equations | 
and 4. The diffusion and advection terms were solved using the 
Crank—Nicolson method (25) and the piecewise parabolic method (26), 
respectively. 


MODEL EVALUATION 


In this initial model performance study, the ability of the model to 
predict the dispersion of a nonreactive tracer using the new VIT 
parameterization discussed previously was evaluated using GM’s 
SF, data set. The sensitivity of the predicted concentrations to the 
model inputs and key model parameters is also discussed. The ability 
of the model to predict reactive pollutants such as NO, NOs, and air 
toxics using the SAPRC-99 photochemical mechanism will be 
evaluated in a separate paper. 


Model Setup to Simulate GM Experiment 


GM in 1975 conducted a series of experiments to study the possible 
human exposure to sulfate near roadways (27). SF, and sulfate data 
were collected and only the SF, data set is used in this study. The 
study was undertaken at a 10-km-long looped four-lane testing track 
at Milford, Michigan, in September and October for 17 days during 
the morning hours, with four 30-min sampling periods per day. 
The vehicle fleet comprised 17 pickup trucks, equipped with SF, 
cylinders, and 352 passenger cars that were driven at 80 km h"! by 
trained drivers. The meteorological conditions and concentrations of 
SF, were measured at six towers and two stands placed in a straight 
line, as shown in Figure |. SF, concentration data were collected at 
0.5, 3.5, and 9 m above the ground, and wind speed and direction 
were collected at 1.5, 4.5, and 10.5 m on each of those towers. SF, 
concentrations were also measured at the two stands, SI and 82, 
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FIGURE 1 Schematic of four-lane testing track at GM 
and towers and stands where meteorological data and SF, 
concentrations were measured (inset: overview of looped 
track and the model domain). 


which were 0.5 m above surface. Temperature data were collected 
at 1.5, 4.5, and 10.5 m on Towers | and 5. The distances of the towers 
and stands to the centerline that passes Tower 3 in the middle of the 
north- and southbound tracks are also shown on the figure. 

The inset in Figure 1 shows the rectangular model domain of 
600 x 600 m used in this study. The model domain is divided into 
100 x 100 grids in the horizontal directions with a grid size of 6 X 6 m. 
The vertical domain extends to 40 m above surface and is divided 
into 11 layers. The vertical spacing of grid cells varies from | m near 
the surface to 10 m at the top. The four-lane highway is placed at 
42 m from the left boundary and the width of each lane is taken as 
6 m, the width of a grid cell. The north- and southbound tracks are 
separated by 6 m. 

For each model simulation, 30-min averaged wind speed and 
direction measured at the same height from the six towers were 
averaged and then interpolated vertically. The resulting wind pro- 
file is assigned to each vertical column in the model. Temperature 
at each grid cell was assigned in a similar manner. The interpolated 
wind speed and temperature were used to estimate the atmospheric 
diffusivity at each grid cell. Based on the vehicle speed, SF, emitter 
density and the reported emission rate, the emission rate of SF, in 
each highway grid cell is estimated. It was assumed that SF, is 
evenly and continuously emitted from all highway grid cells. In 
the east and west boundaries, SF, concentration was set to zero in 
the upwind direction and a zero concentration gradient was assumed 
for the downwind boundary. Because only a small fraction of the 
entire highway is included in the model domain, periodical bound- 
ary condition was used in the north-south boundaries. For example, 
the south boundary condition of SF, for each column is set to be 
equal to the predicted concentration of SF, at the northernmost 
grid cell of that column. 


Results of Base Case Model 


The vehicle drag coefficients (cy,,. and Cyyq) and the TKE dissipa- 
tion rate (c,) are empirical parameters used in the production and 
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FIGURE 2 Predicted and observed concentrations of SF, for all simulated 
cases at three different elevations (0 = observation; P = prediction). 
Uncertainties shown in the slopes and intercepts reflect the 95% confidence 


interval of these values. 


dissipation terms (Equations 5 and 6, respectively). Since the GM 
experiments did not include any heavy-duty vehicles, only the drag 
coefficient for passenger cars (c,,,.) needs to be determined. Proper 
values for the two empirical constants, cy. and c,, were determined 
through a series of model simulations with different cy, and c; com- 
binations to minimize the sum of the squared residuals (SSR) between 
the prediction and observations using the entire GM data set. The 
best values for c,,. and c; are 0.4 and 8 x 10°, respectively. 

The experiments were divided in three categories. Category A 
(225° to 315° from north), Category B (315° to 337.5° and 202.5° 
to 225°), and Category C (337.5° to 22.5° and 157.5° to 202.5°) 
represent wind directions that are perpendicular, oblique, and parallel 
to the highway, respectively. Since the design of the GM experiment 
assumed a dominant westerly wind and only two samplers were 
placed to west of the road, easterly wind cases were not included in 
the analysis. 

Figure 2 shows the paired comparison of the observed and predicted 
SF, concentrations for 12 selected 30-min sampling experiments. 
Four experiments were selected for each wind direction category. 
The total number of data points included in the figure is 240. 
The correlation coefficient (R), slope, and interception for a linear 
fit between predicted and observed concentrations are 0.812, 1.16 
(+0.11, 95% confidence interval), and —0.168 (+0.12), respectively. 
This suggests that the slope is statistically close to 1 and the intercept 
is close to 0. Most of the data points fall between the 2:1 and 1:2 lines. 
The data points were grouped based on the height where the obser- 
vations were made. The linear fit parameters with 95% confidence 
interval and the correlation coefficients for each group are also shown 
on Figure 2. Highest concentrations generally occur at the surface 


and the model slightly underpredicts these concentrations. The model 
performance appears to be best for the concentrations measured at 
3.5 m above surface. At 9 m above surface, the model overpredicts 
the concentrations. 

The model performance was further evaluated using statistical 
measures of fractional bias (FB) and normalized mean squared error 
(NMSE). Table | shows the comparison of the FB and NMSE from 
TAMNROM-3D and ROADWAY-2 models, which also reported 
model performance with GM’s SF, data set. Both models slightly 
underpredict the concentrations under perpendicular wind condi- 
tions with a similar model performance. TAMNROM-3D performs 
significantly better for oblique wind cases with a small overprediction. 
Both models perform well under parallel wind conditions. Further 
analysis showed that 90% of the TAMNROM-3D predictions 


TABLE 1 FB and NMSE for TAMNROM-3D and ROADWAY-2 
TAMNROM-3D ROADWAY-2 
Wind Category FB NMSE FB NMSE 
Perpendicular (A) —0.07 0.15 —0.11 0.30 
Oblique (B) 0.05 0.15 —0.55 0.52 
Parallel (C) 0.05 0.12 0.12 0.10 


Overall 0.001 0.13 —0.18 0.29 


Note: FB = 2(P —O)/(O + P), NMSE = (P;—0,)7/(O x P), where O and 
P are mean observed and predicted concentrations. 
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FIGURE 3 Observed and predicted spatial distribution of SF; concentrations averaged over all 
data points analyzed at 0.5, 3.5, and 9 m above the surface for wind categories A, B, and C 


(units are parts per billion). 


were within a factor of 2 of the observed concentrations, compared 
to 80% for the ROADWAY? model. Overall, TAMNROM-3D satis- 
factorily reproduced the SF, experiments at all wind directions. A 
similar comparison with the UCD 2001 model indicated that the 
TAMNROM-3D performs similar to the UCD 2001 model, which 
performs better than CALINE models (//). 

Figure 3 shows the observed and predicted concentrations for 
wind categories—perpendicular (A), oblique (B), and parallel (C)— 
at three elevations above the surface along the downwind distance 
from the simulated highway. Error bars on each data point represent 
standard deviation from the mean value. Averaged over all cases, 
the predicted peak SF, concentrations at 0.5 m are in the range of 1.2 
to 1.5 ppb for three wind categories. The observed concentrations 
are around 2 to 2.2 ppb. The difference between the prediction and 
observation decreased at downwind locations. At 3.5 m, the 
model predictions agree well with observations at all locations. The 
observed spatial gradients of SF, are also well reproduced. Both 
predictions and observations show that highest concentrations occur 
when the wind is parallel to the highway. The panels on the third 
row show that the model overpredicts the concentrations at 9 m above 
surface. Errors in the predicted diffusivity fields or wind fields are 
the likely causes for this overprediction. 

Figure 4 illustrates the importance of the VIT parameterization 
in predicting pollutant concentrations in a near-road environment. 
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FIGURE 4 Predicted SF, concentrations compared with 
observations when VIT is not considered (base case results 
with VIT also shown). 
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Open circles show the comparison of the base case predictions with 
observations as shown in Figure 2. The filled circles are the predicted 
SF, concentrations when the VIT is not included in the dispersion 
calculation (i.e., only advection and diffusion due to atmospheric 
turbulence were included). Without VIT, the concentrations are 
significantly over- and underpredicted. A close look at the model results 
shows that surface concentrations are significantly overpredicted, 
while concentrations at 3.5 and 9 m are generally underpredicted. 


Sensitivity Analysis 
Meteorology Inputs 


A Monte Carlo technique was used to estimate the uncertainty in 
predicted SF, concentrations due to uncertainty in wind speed and 
diffusivity. One hundred simulations were conducted for a represen- 
tative case in each wind category using randomly generated wind 
speeds and diffusivities that follow a normal distribution curve with 
a standard deviation of 30% around the original wind speed and 
diffusivity. Typical uncertainty of the wind speed and direction 
measurements is only a few percent. However, using average wind 
in this simulation and the vertical interpolation scheme may intro- 
duce additional uncertainties. Although wind speed and turbulent 
diffusivity are related, they were treated as independent variables 
in this analysis. The mean values and standard deviations for the 
predicted SF, concentrations at monitor locations were determined 
from all the simulations and were compared to observations in 
Figure 5a. The mean values from the Monte Carlo simulation agree 
with the base case predictions. The error bars on predictions represent 
1 SD (o) from the mean and the error bars on observations indicate a 
measurement accuracy of +3% (16) (27). Thirty percent uncertainties 
in the meteorology lead to uncertainties of 0.1 to 0.2 ppb in most 
cases. The magnitude of the uncertainty appears not to be correlated 
with the absolute value of the predicted concentration. The data 
points with smaller uncertainty of the predicted values are from the 
parallel wind case, which can be understood easily. 
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Vehicle Drag Coefficient and TKE Dissipation Rate 


Vehicle drag coefficient and TKE dissipation rate directly affect the 
intensity of TKE created by moving vehicles and thus indirectly 
affect the overall turbulent diffusivity and the pollutant concentra- 
tions. In order to better understand the sensitivity of the predicted 
concentrations to the selection of the vehicle drag coefficient (cy). 
and the proportionality constant (c;), another set of Monte Carlo 
simulations was conducted by assuming an uncertainty of 50% for 
both parameters. 

Similar to the meteorology inputs study, 100 simulations were 
conducted for a representative case in each wind category using ran- 
domly generated positive values for cy. and c, that follow a normal 
distribution curve with a standard deviation of 50% around the 
original cy. and c, values of 0.4 and 8 x 10°, respectively. If either 
C) OF Cype WaS Negative, this simulation was skipped. Thus, approx- 
imately 5% of simulations were neglected from the analysis. The 
predicted mean values of the SF, concentrations from the Monte 
Carlo simulations were compared with the base case predictions and 
no deviation was detected. It can be seen from Figure 5d that the 
uncertainties in c, and cy). more effectively affect the concentrations 
near the surface when the concentrations are high but not significantly 
at 9.5 m above surface with generally low concentrations. 

An additional simulation using the default cy. and c, values of 
0.3 and 0.1 as reported by Baumer et al. (20) leads to slightly worse 
model performance. The R, slope, and interception values are 0.76, 
1.59 (40.22), and —0.27 (+0.17), respectively. This suggests that 
the proper cy. and c, values are likely dependent on aerodynamic 
properties of vehicles and also metrology conditions. The lower Cy 5¢ 
value reported by Biumer et al. might be due to less aerodynamic 
drag of the vehicles made in 1990s than of the vehicles made in 1970s. 
Although cq). can be estimated with relative high confidence, more 
near-road data sets need to be analyzed in future studies to better 
estimate c, under various meteorology conditions. In the absence of 
observation data to fit the two parameters, the default values should 
be used as a first-order estimate. 
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FIGURE 5 Uncertainty of predicted SF, concentrations because of (a) 30% uncertainties in the wind speed 
and atmospheric turbulent diffusivity and (b) 50% uncertainties in the model parameters Cz,,, and C,. 
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FIGURE 6 Sensitivity of predicted SF, concentrations to change in 
(a) vehicle density and (b) speed (other parameters are unchanged). 


Vehicle Speed and Density 


This section explores the variability of the model results due to vari- 
ation in the vehicle speed and density. Figure 6a shows the change 
in predictions when the vehicle density in each grid cell is doubled or 
halved keeping the vehicle speed and SF, emission rate at each grid 
cell constant. The peak concentrations changed by only approximately 
+20%, indicating that the model is less sensitive to the vehicle density 
alone. Figure 6b shows the sensitivity of the model to vehicle speed, 
when the vehicle density and the emission rate of SF, remain constant. 
It can be seen from the figure that doubling the vehicle speed by a 
factor of 2 leads to a reduction of the peak concentrations by approx- 
imately 50% compared to the base case. Similarly, a decrease in 
vehicle speed by 50% increases the peak concentrations by approx- 
imately a factor of 2. As expected, the model is more sensitive to the 
vehicle speed than the vehicle density because the TKE production 
is linearly proportional to the vehicle density but proportional to 
vehicle speed cubed. 


Vertical Grid Resolution 


In Eulerian models, space is discretized into a finite number of grid 
cells. Generally, higher grid resolution will lead to more accurate 
predictions. However, higher-resolution simulations are slower and 
require more computation resources. The sensitivity of the predicted 
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concentrations to the vertical grid resolution is studied here by using 
a finer vertical grid setup. The number of vertical layers is increased 
from 11 to 30. The first 20 layers have a resolution of 1 m and the 
remaining 10 layers have a resolution of 2 m. Figure 7 shows the 
predicted vertical profiles of SF, concentrations averaged using all 
the data points at Tower 4. The results from the coarse grid are slightly 
lower than the fine-resolution results when the wind is parallel 
(Category A) or oblique (Category B) to the highway, with differences 
less than 5%. The fine-resolution results agree very closely with the 
low-resolution results for parallel cases (Category C). 


DISCUSSION OF RESULTS 


TAMNROM-3D is not designed to be another operational model for 
routine near-road air quality simulation but a tool to assist traffic 
planning and advanced near-road air quality research. For example, 
the model can be used to estimate the potential air quality impact of a 
proposed roadway based on the estimated traffic flow and prevailing 
wind. Traffic flow can be modeled and meteorology observations are 
available from regional or local monitoring stations. TAMNROM-3D 
needs to be further validated with additional near-road air quality 
data sets under different meteorology, traffic, and emission condi- 
tions to better understand the range of the proportional constant c,. 
A guideline of selecting the proper c; value should be developed 
before the model can be applied by transport planning agencies. 
The authors will integrate chemical and physical processes in 
the model to simulate the detailed transformation of air pollutants 
emitted from roadways. For example, recent theoretical and exper- 
imental studies have shown that size, chemical composition, and 
number concentration of the ultrafine particles emitted from highway 
vehicles change rapidly as they are transported away from the highway 
due to gas-to-particle partitioning of semivolatile organic compounds 
and coagulation processes (2, 28, 29). These processes are difficult 
to be properly included in the current near-road air quality models 
but can be implemented in a 3-D Eulerian modeling framework. 
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Comprehensive Field Study of Fuel Use 
and Emissions of Nonroad Diesel 
Construction Equipment 


H. Christopher Frey, William Rasdorf, and Phil Lewis 


Limited field data are available for analyses of fuel use and emissions of 
nonroad diesel construction equipment. This paper summarizes the 
results of field research that used a portable emissions monitoring system 
to collect fuel use and emissions data from eight backhoes, six bulldozers, 
three excavators, four generators, six motor graders, three off-road 
trucks, one skid-steer loader, three track loaders, and five wheel loaders 
while they performed various duty cycles. These tests produced approx- 
imately 119 h of field data for petroleum diesel and approximately 
48 h for B20 biodiesel. Engine attribute data including horsepower, 
displacement, model year, engine tier, and engine load were collected to 
determine these factors’ influence on fuel use rates and emission rates 
of nitrogen oxides, hydrocarbons, carbon monoxide, carbon dioxide, 
and opacity. Mass per time fuel use rates were developed for each item 
of equipment, as were mass per time and mass per fuel used emission 
rates for each pollutant. For petroleum diesel, fuel use and emission 
rates of each pollutant were found to increase with engine displacement, 
horsepower, and load and to decrease with model year and engine tier. 
The results were qualitatively similar for B20 biodiesel. Fuel-based 
emission rates were found to have less variability and less sensitivity to 
engine size and load than time-based emission rates. Where possible, 
development of emission inventories based on fuel consumed, rather than 
time of activity, is preferred. 


There are more than 2 million items of diesel construction and 
mining equipment in the United States that consume almost 6 billion 
gallons of diesel fuel per year (/). This equipment emits nitrogen 
oxides (NO,), hydrocarbons (HC), carbon monoxide (CO), particu- 
late matter (PM), and carbon dioxide (CO,). Fuel use and emissions 
estimates for construction equipment are typically based on steady- 
state engine dynamometer tests using uninstalled stationary engines 
ina laboratory; however, these tests do not represent in-use equipment 
activity. There is a need to determine fuel use and emission rates 
based on in-use measurements. Field data can be used to quantify 
construction equipment activity and the influence of equipment duty 
cycles on fuel use and emissions. 

North Carolina State University recently completed two field 
studies that quantified the fuel use, emissions, and engine performance 
data of 39 items of diesel-powered construction equipment as they 
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performed common construction duty cycles on job sites (2, 3). The 
equipment includes eight backhoes, six bulldozers, three excavators, 
four generators, six motor graders, three off-road trucks, one skid-steer 
loader, three track loaders, and five wheel loaders. These items were 
tested while fueled with petroleum diesel. Furthermore, five of the 
backhoes, all six motor graders, and four of the wheel loaders were also 
tested with B20 biodiesel, for a total of 54 field measurements. This 
research has produced an unprecedented database of real-world 
fuel use and emissions field data for diesel construction equipment. 
Although portions of these data are published in specific case studies, 
there has not yet been a comprehensive overview of trends within 
these extensive data. 

The objective of this paper is to report and assess trends in this large 
body of field data. The results include engine size, engine model year, 
and engine tier; engine performance data related to engine load; 
representative duty cycles of the work performed by the equipment 
at the job site; and the related fuel use rates and emission rates of NO,, 
HC, CO, CO;, and PM. These data can be used to develop and improve 
diesel emission inventories, evaluate diesel emissions reduction 
programs and regulations, model diesel equipment fuel use and 
emissions, assess air quality impacts of alternative fuels, estimate 
CO, emissions from diesel construction equipment, and develop 
fuel and emission inventories for construction projects. 


RELATED WORK 


There has been a lack of field data for in-use fuel consumption and 
emissions characteristics of construction equipment. The Environ- 
mental Protection Agency (EPA), West Virginia University, and 
Clean Air Technologies International, Inc. (CATI) have conducted 
onboard in-use measurements of emissions from construction equip- 
ment (4—6). Not all of these data were quality assured nor are they 
all available for public use. Furthermore, it is not possible to inves- 
tigate the relationship between the activity duty cycles versus fuel 
use and emissions based on these data. 

Abolhasani et al. (7) evaluated the fuel use and emissions of exca- 
vators performing duty cycles in the field. Frey et al. (8) performed 
a comparison of petroleum diesel versus B20 biodiesel emissions 
from backhoes, motor graders, and wheel loaders performing field 
activities based on field data. Frey et al. (9) characterized the field 
activity, fuel use, and emissions of selected motor graders fueled with 
petroleum diesel and B20 biodiesel. Lewis et al. (0) examined 
requirements and incentives for reducing emissions from construction 
equipment and also advocated the use of field emissions data versus 
emissions data obtained from engine dynamometer tests. Lewis et al. 
(/1) discussed the development and use of an emissions inventory 
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for a fleet of backhoes, front-end loaders, and motor graders to make 
fleet management decisions related to replacing older equipment with 
newer equipment. Pang et al. (/2) quantified the tailpipe emissions 
and fuel cycle energy use for petroleum diesel and B20 biodiesel to 
support a comprehensive comparison of the difference in total fossil 
energy use, greenhouse gas emissions, and air pollutant emissions 
for substitution of B20 in place of petroleum diesel. Frey and Bammi 
(13) developed probabilistic emission factors for NO, and HC based 
on engine dynamometer data from nonroad mobile sources including 
construction, farm, and industrial engines. Frey et al. (/4) used field 
data from dump trucks to develop link-based emission factors for 
NO,, HC, CO, and PM. Although these were highway vehicles, this 
type of equipment is used extensively in construction and can be 
used to estimate the overall impact of emissions from construction 
activities. 


METHODOLOGY 


This section provides a brief overview of the field data collection 
and analysis process. Detailed documentation of these procedures is 
provided by Frey et al. (3) and Rasdorf et al. (/5). 


Field Data Collection 


An onboard portable emissions monitoring system (PEMS) was used 
to gather engine, fuel use, and emissions data directly from in-use 
construction equipment. The PEMS used was the Montana System 
manufactured by CATI (/6). The PEMS was secured to the body of 
the equipment. Sensors were connected to the engine to collect engine 
performance data related to engine speed, intake air temperature, 
and engine load. Tailpipe exhaust samples were drawn continuously 
to measure exhaust concentrations of NO,, HC, CO, CO:, and PM. 
These data were collected on a second-by-second basis, typically for 
3 h or more. 

The original field data (referred to as “raw data’) underwent a 
rigorous quality assurance process to determine whether any errors 
or problems existed. This process is documented in detail by Frey et al. 
(3). If any errors were found, they were corrected when possible. If 
the errors could not be corrected, the affected data were removed. 
The purpose of the quality assurance process was to produce a valid 
set of data (referred to as “processed data”). 


Engine Attributes 


Engine attributes that affect performance, fuel use, and emissions 
include engine size, engine age, engine tier, and engine load. Engine 
size is quantified based on rated horsepower and displacement. This 
information was collected in the field and verified with the engine 
manufacturer’s specifications, found in publications such as the 
Caterpillar Performance Handbook (17). 

As engines increase in age, their performance may deteriorate (/8). 
Consequently, engines may produce more emissions as they get older. 
Engine age was represented by the engine model year. Engine hours 
of operation are another attribute that can be used to measure engine 
age; however, insufficient data were collected for engine hours and 
therefore are not reported. 

In 1994, EPA adopted an engine tier classification system for all 
new nonroad diesel engines. Engine tiers are emission standards that 
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require diesel engines manufactured after a specified date to meet 
the performance levels specified in the standards. The EPA engine 
tier classifications include successive Tier 1, Tier 2, Tier 3, Tier 4 
Transitional, and Tier 4 Final, which are effective in reducing 
emissions in a phased sequence from 1996 to 2013. Engine tiers are 
essentially a hybrid engine attribute based on engine size (horsepower 
rating) and engine age (model year). The engine tier of each item of 
equipment was recorded. 

Engine load affects the fuel use and emission rates of construction 
equipment. The variables that were monitored by the PEMS include 
engine speed measured in revolutions per minute (rpm), engine intake 
air temperature (IAT) measured in degrees Celsius, and pressure-based 
engine load measured by manifold absolute pressure (MAP) in units 
of kilopascals (kPa). 

Of the variables that were monitored, MAP has been consistently 
identified as highly correlated with fuel use and emission rates (3) 
and is often used as a surrogate for engine load. Since the equipment 
had various ranges of MAP values, the values were normalized on a 
consistent basis to enable comparisons between engines. The recorded 
second-by-second MAP values for a specific item of equipment were 
normalized according to the following equation: 


MAP.,, = MAP = MAP in 
MAP,,,, - MAP 


max min 


where 


MAP,,, = normalized MAP for a measured MAP for a specific 
item of equipment, 


MAP = measured MAP for a specific item of equipment, 
MAP,,i, = minimum MAP for a specific item of equipment, and 
MAP ya, = maximum MAP for a specific item of equipment. 


Normalized MAP values range from zero to one, thus representing 
a percentage of in-use engine loads. 


Representative Duty Cycles 


The duty cycle of the equipment used for a construction activity 
has its own distinct sequence of activities that affect the engine 
performance, fuel use, and emissions characteristics. A represen- 
tative duty cycle for each item of equipment that was monitored 
during field data collection was defined. Although it is possible 
to describe the equipment’s duty cycle in great detail, these rep- 
resentative duty cycles were intended only to provide the general 
nature of the work being performed by the equipment. Each duty 
cycle was subdivided into activity modes, including idling, mov- 
ing, or working with an attachment such as a bucket or a blade. 
The representative duty cycles were used to evaluate relationships 
among equipment activity, engine performance data, and fuel use 
and emission rates. 


Average Fuel Use and Emission Rates 


Second-by-second equipment fuel use was computed on a mass per 
time basis of grams per second (g/s), based on the measured engine 
variables and exhaust composition. The average fuel use for each 
item of equipment is reported in units of gallons of fuel used per hour 
(gal/h). The PEMS also measured the second-by-second emission 
rate of each pollutant on a mass per time basis of grams per second. 
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The average mass per time emission rate of each pollutant for each 
item of equipment is reported in units of grams per hour. 

Fuel-based emission rates, which quantify the mass of emissions 
per unit of fuel consumed, were estimated based on a carbon balance 
of the exhaust composition and the fuel properties. The average of 
the mass per fuel used emission rates for each item of equipment is 
reported in units of grams per gallon of fuel used (g/gal). 

The term “fuel-based emission factors” only refers to estimating 
emissions per unit of fuel consumed (grams of pollutant per gallon 
of fuel consumed), as opposed to estimating emissions per unit of 
engine shaft output (grams per brake horsepower-hour, g/bhp-h) as 
has been the typical practice using engine dynamometers. It is not 
possible to measure engine shaft output during actual operations; 
therefore, g/bhp-h emission factors are not a convenient basis for 
developing practical emission inventories. Furthermore, the results 
of this research will indicate that fuel-based emission factors have 
less variability than time-based (gram of pollutant emitted per hour 
of operation) emission factors. Since one objective of this work is to 
support improved emission inventories, the most convenient form 
of an emission factor can be selected, irrespective of the regulatory 
framework used for engine certification testing. A fuel-based emis- 
sion factor can be developed for any fuel and thus does not imply or 
exclude any particular regulatory approach. 

The average fuel use and emission rates of each pollutant were 
measured for all 39 items of equipment while they were fueled with 
petroleum diesel. Furthermore, five backhoes, six motor graders, 
and four wheel loaders were tested a second time while fueled with 
B20 biodiesel, thus providing a basis for comparison of fuel use and 
emission rates of construction equipment while using different types 
of fuel. The methodology used to collect the data was the same for 
each fuel type. 


RESULTS 


This section provides the results of the field data collection for the 
equipment that was tested. These results include engine attributes, 
representative duty cycles, and average fuel use and emission rates. 
Analyses of trends in the data are also provided. 


Field Data Collection 


The 54 tests yielded more than 665,000 s (185 h) of raw data. After 
the quality assurance process, nearly 604,000 s (168 h) of processed 
data remained. Approximately 9% of the raw data were deemed 
invalid by the quality assurance process and were not included in 
the final processed data set; thus, approximately 91% of the data 
collected in the field were available for use. Of the processed data, 
approximately 119 h were associated with equipment fueled with 
petroleum diesel and approximately 48 h were associated with 
B20 biodiesel. 

The PEMS estimated accurate emissions data for NO,, CO, and CO3. 
The emission rates of these pollutants are of the same magnitude of 
those found in other data sources, such as the EPA NONROAD 
model (/, /9). The HC data tend to be biased low. The PM detection 
method for the PEMS is analogous to opacity. The field measurements 
are useful for relative comparisons of PM emission rates for different 
fuels or equipment types, but not for characterization of the absolute 
magnitude of PM emissions. The PM data reported here could be low 
by an order of magnitude according to previous comparisons of the 
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opacity-based measurements to other PM data. Battelle (20) provides 
a detailed evaluation of the reporting accuracy of the PEMS. 


Engine Attributes 


Table 1 summarizes the engine attributes of the tested equipment. 
The rated horsepower of the equipment ranged from 44 hp for a 
skid-steer loader to 306 hp for an off-road hauler truck. The engine 
displacement ranged from 2.0 L for a skid-steer loader to 14.2 L for 
a bulldozer. The engine model years ranged from 1988 to 2007, with 
one engine from the 1980s, 12 engines from the 1990s, and 26 engines 
from the 2000s; thus, the majority of the engines were less than 10 years 
old when they were tested. Engine Tiers 0 through 3 were represented 
in the data set, with six Tier 0 engines, 19 Tier | engines, 13 Tier 2 
engines, and one Tier 3 engine. The latter was a new motor grader 
that recently had been placed into service. Engine loads and their 
relationship to duty cycles are discussed in the following section. 


TABLE 1. Summary of Engine Attributes 


Horsepower Displacement Model Engine 
Equipment (HP) (liters) Year Tier 
Backhoe 1| 88 4.0 2004 vy) 
Backhoe 2 88 42 1999 | 
Backhoe 3 88 4.2 2000 | 
Backhoe 4 97 3.9 2004 2 
Backhoe 5 90 4.2 1997 0 
Backhoe 6 90 4.2 2001 1 
Backhoe 7 99 4.5 1999 1 
Backhoe 8 97 4.5 2004 2 
Bulldozer 1 89 5.0 1988 0 
Bulldozer 2 95 3.9 2002 | 
Bulldozer 3 90 5.0 2003 1 
Bulldozer 4 175 10.5 1998 | 
Bulldozer 5 285 14,2 1995 0 
Bulldozer 6 99 4.2 2005 2 
Excavator | 254 8.3 2001 1 
Excavator 2 138 6.4 2003 2 
Excavator 3 93 3.9 1998 1 
Generator | 90 4.5 2002 l 
Generator 2 150 6.8 2004 2 
Generator 3 200 6.8 2004 2 
Generator 4 177 6.8 2003 2 
Motor Grader | 195 8.3 2001 
Motor Grader 2 195 7.1 2004 2 
Motor Grader 3 195 8.3 2001 | 
Motor Grader 4 167 8.3 1990 0 
Motor Grader 5 160 8.3 1993 0 
Motor Grader 6 198 7.2 2007 3 
Off-Road Truck 1 306 9.6 2005 2 
Off-Road Truck 2 285 10.3 1998 | 
Off-Road Truck 3 285 10.3 1998 l 
Skid Steer Loader | 44 2.0 2003 | 
Track Loader | 121 T2 1998 | 
Track Loader 2 70 4.5 1997 0 
Track Loader 3 127 72 2006 2 
Wheel Loader | 149 5.9 2004 2 
Wheel Loader 2 130 5.9 2002 I 
Wheel Loader 3 130 5.9 2002 | 
Wheel Loader 4 126 5.9 2002 1 
Wheel Loader 5 133 6.0 2005 2 
Maximum 306 14.2 2007 3 
Minimum 44 2.0 1988 0 
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Representative Duty Cycles 


The representative duty cycle for each item of tested equipment is 
summarized in Table 2 for the equipment fueled with petroleum 
diesel and in Table 3 for the equipment fueled with B20 biodiesel. 
These duty cycles were related to grading and earthwork activities 


TABLE 2 Summary Data for Petroleum Diesel 
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commonly performed on construction sites, such as moving soil, 
moving rock, moving building materials, loading trucks, rough 
grading, fine grading, excavating soil, clearing and grubbing, and 
shaping soil stockpiles. For motor graders, the resurface duty cycle 
refers to a dirt road maintenance activity that involved smoothing ruts 
in the road surface while using the full length of the motor grader’s 


Average Time-Based Fuel & Emission Rates 


Average Fuel-Based Emission Rates“ 


Fuel NO, HC (ee) Co, Opacity NO, HC CO Opacity 
Equipment Duty Cycle Load (%) (gal/h) — (g/h) (g/h) g/h) (g/h) (g/h) (g/gal) — (g/gal) (g/gal) (g/gal) 
BH | Load truck 5 0.5 60 14 25 4,791 0.1 124 34 65 0.2 
BH 2 Move material 16 L.1 112 9 35 10,535 1.1 99 12 38 1.1 
BH3 Move soil 19 0.8 2B 7 15 8,360 1.3 82 10 23 2.1 
BH 4 Move soil 20 0.5 64 6 5 4,611 0.3 172 14 11 0.8 
BH5 Load truck 23 1.8 206 27 154 18,175 24 111 15 80 Ld 
BH6 Load truck 30 21 222 24 73 20,795 2.2 106 12 35 1.1 
BH7 Move soil 19 0.8 112 7 52 8,035 0.7 164 13 61 0.8 
BH8 Move soil 19 0.5 69 6 10 4,764 0.4 168 17 27 0.9 
Average 19 1.0 11S 13 46 10,008 1.0 128 16 43 1.0 
BD | Rough grade 23 1.7 252 16 63 16,658 2.3 180 17 59 1.3 
BD 2 Fine grade 14 0.9 92 14 28 8,540 0.7 119 22 52 0.6 
BD3 Fine grade 14 1.4 228 18 91 14,221 2.3 165 19 123 1s 
BD 4 Rough grade 27 3.4 613 39 131 34,311 2.9 214 18 51 1.0 
BD5 Stockpile 48 10.1 1,913 33 240 100,647 N/A’ 204 9 56 N/A” 
BD 6 Stockpile 18 1.1 104 24 44 11,166 0.9 94 24 4] 0.8 
Average 24 3.1 534 24 100 30,924 1.8 163 18 64 1.0 
EX 1 Clear & grub 21 2.8 319 13 37 28,503 3.2 145 9 23 1.0 
EX 2 Move rock 52 2.5 189 19 71 25,077 1.7 73 i 27 0.7 
EX 3 Excavate soil 40 1.9 214 20 27 19,401 15 132 16 26 0.8 
Average 38 2.4 241 17 45 24,327 2.1 117 11 25 0.8 
GE | Generate 62 0.8 92 9 54 7,589 0.6 120 12 71 0.8 
GE 2 Generate 46 ta a2 19 137 10,533 0.9 67 18 128 0.9 
GE 3 Generate N/A’ 1.4 90 24 238 13,320 1.8 65 18 170 13 
GE 4 Generate 50 1.4 121 19 121 13,532 1.6 88 14 88 1.2 
Average 53 1.2 94 18 138 11,244 1.2 85 16 114 1.1 
MG | Resurface 53 5.5 643 53 67 54,615 4.9 129 16 17 1.0 
MG 2 Shoulder 10 1.7 192 50 48 16,956 1.0 148 43 29 0.5 
MG 3 Shoulder 42 2.5 275 152 29 25,085 2.8 131 77 20 Ll 
MG4 Resurface 27 2.9 596 95 141 28,845 2.3 215 43 72 0.7 
MG 5 Shoulder 20 2.6 423 26 134 26,013 1.9 179 15 113 0.7 
MG 6 Resurface 38 23 163 21 17 24,893 1.8 86 10 7 0.7 
Average 32 3.0 382 66 13 29,401 2,5 148 34 43 0.8 
OT | Haul soil 14 2.4 298 22 121 23,543 2.2 155 13 32 0.9 
OT 2 Haul soil 4 LF 246 15 4l 16,904 Lo 181 13 27 0.9 
OT 3 Haul soil 6 1.9 268 17 59 19,080 1.6 179 13) 44 0.9 
Average 8 2.0 271 18 74 19,842 1.8 172 13 34 0.9 
SS 1 Move material 54 0.9 74 12 17 8,721 0.5 97 17 29 0.6 
Average 54 0.9 74 12 17 8,721 0.5 97 17 29 0.6 
TL 1 Fine grade 30 2.9 169 29 67 29,297 2:3 67 14 30 0.8 
TL2 Move material 44 2.9 514 22 38 28,738 2.1 159 10 17 1.0 
TL 3 Stockpile 46 ay 216 7 58 37,241 2.2 71 5 26 0.7 
Average 29 2.1 237 17 55 21,343 1.6 131 13 30 0.8 
WL | Move soil 18 1.7 179 19 B 17,399 1.5 114 14 44 0.9 
WL 2 Load truck 18 1.6 195 33 38 15,534 1.5 132 30 42 0.9 
WL 3 Load truck 17 0.9 131 8 18 9,250 0.4 179 14 38 0.6 
WL 4 Load truck 25 12 156 15 12 11,691 1.1 145 22 13 1.0 
WL5 Move soil 9 0.8 78 8 23 7,819 0.5 104 13 36 0.6 
Average 17, 1.2 148 17 33 12,339 1.0 135 19 35 0.8 
Maximum 62 10.1 1,913 152 240 100,647 4.9 215 77 170 2.1 
Minimum 4 0.5 60 6 5 4,611 0.1 65 5 7 0.2 


Nore: BH = backhoe; EX = excavator; MG = motor grader; SS = skid-steer loader; WL = wheel loader; BD = bulldozer; GE = generator; OT = off-road truck; 


TL = track loader. 
“Average fuel-based CO; emission rate for all equipment is 9,939 g/gal + 2%. 
"Data not available. 
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TABLE 3 Summary Data for B20 Biodiesel 
Average Time-Based Fuel & Emission Rates Average Fuel-Based Emission Rates“ 
Fuel Use NO, HC CO CO, Opacity NO, HC (ee) Opacity 
Equipment Duty Cycle Load (%) gal/h) g/h) (g/h) (g/h) (g/h) g/h) (g/gal) (g/gal) (g/gal) g/gal) 
BH4 Move soil 23 0.6 77 9 6 5,994 0.3 181 56 N/A?’ 1.8 
BH5 Load truck 29 1.8 213 25 125 18,290 2.0 114 14 66 1.1 
BH6 Move soil 23 2.0 178 19 64 19,575 2.1 91 10 33 1.1 
BH7 Move soil 20 1.2 111 42 105 11,388 1.6 139 33 73 1.2 
BH8 Move soil 15 0.4 69 2 6 4,346 0.3 202 3 16 0.5 
Average 22 12 129 19 61 11,919 1.3 145 23 47 1.1 
MG 1 Resurface 48 5.1 561 62 64 49,997 4.2 129 15 22 0.9 
MG 2 Shoulder 14 1.7 233 16 34 17,102 0.5 173 13 24 0.3 
MG 3 Shoulder 31 3.8 364 47 53 36,710 2.1 122 18 22 0.4 
MG 4 Shoulder 12 1.3 201 36 N/A’ 12,658 0.0 131 32 N/A? 0.8 
MG5 Shoulder 30 3.4 600 47 92 33,443 1.9 195 24 57 0.6 
MG 6 Resurface 30 2.7, 166 55 28 26,869 L4 100 34 12 0.5 
Average 28 3.0 354 44 54 29,463 1.7 142 23 27 0.6 
WL 2 Move soil C7 1.0 126 8 28 9,637 0.7 151 19 53 1.8 
WL 3 Move soil 16 1.2 166 22 16 11,735 0.6 170 27 22 0.6 
WL4 Move soil 22 D2 253 30 38 21,130 1.6 132 21 29 0.7 
WL 5 Move soil 20 1.5 137 8 37 14,495 1.0 103 8 33 0.6 
Average 19 1.5 171 LT 30 14,249 1.0 139 19 34 0.9 
Maximum 48 5.1 600 62 318 49,997 4.2 202 56 313 1.8 
Minimum 12 0.4 69 2. 6 4,346 0.0 100 3 12 0.3 


“Average fuel-based CO, emission rate for all equipment is 9,749 g/gal + 5%. 
Data not available. 


blade; the shoulder duty cycle refers to a highway maintenance 
activity that involved grading roadway shoulders and ditches while 
using only the end portion of the motor grader’s blade. The primary 
duty cycle of the generators was to provide a temporary source of 
electricity at a job site. Overall, there were 12 observed representative 
duty cycles during the 54 tests. 

The average engine loads based on the normalized MAP values 
are summarized in Table 2 for the equipment fueled with petroleum 
diesel and in Table 3 for the equipment fueled with B20 biodiesel. 
The average engine loads correspond to each duty cycle. 

For the equipment fueled with petroleum diesel, the skid-steer 
loader and generators have the highest overall average engine loads 
of 54% and 53%, respectively. The skid-steer loader average engine 
load, however, is based on one observation only; thus, there is no 
basis for comparison with other skid-steer loaders. Furthermore, 
generators are stationary equipment that does not move around a job 
site and therefore there is limited variability in engine load. 

The lowest overall average engine load is 8% for the off-road 
hauler trucks; however, such a low average engine load should be 
interpreted with caution. The duty cycles observed for these off-road 
trucks included long idle times while the trucks were waiting to be 
loaded and then moving at low speeds for very short haul distances. 
Off-road trucks frequently operate at high speeds over long distances 
while hauling heavy payloads and can therefore generate very high 
engine loads. Thus, the overall average engine load for off-road trucks 
presented here is not representative of all off-road truck duty cycles. 

Backhoes and wheel loaders have similar overall average engine 
loads of 19% and 17%, respectively. Both types of equipment are 
wheel-mounted tractors with comparable body styles and front-loader 
buckets that are used to perform similar duty cycles, including loading 
trucks, moving soil, and moving building materials. Bulldozers and 
track loaders also have similar overall average engine loads of 24% 


and 29%, respectively. These are track-type tractors with comparable 
body styles and work attachments that perform similar duty cycles, 
including rough grading, fine grading, stockpile shaping, and moving 
building materials. Although the average engine loads for these four 
types of equipment can be higher under extreme conditions, such as 
moving maximum payloads on an adverse grade, the average engine 
loads presented here are typical for the observed duty cycles. 

Each of the three excavators was observed performing a separate 
duty cycle that had its own distinct average engine load. Based on 
these data, it is apparent that excavators can operate under a wide 
range of engine loads. For example, the average engine load of 21% 
for clearing and grubbing involved removing small-to-medium sized 
trees that did not require much effort from the engine. Conversely, 
the average engine load of 52% involved moving heavy rock, which 
required significant effort. For the excavating soil duty cycle, an 
average engine load of 40% was observed for the excavator while 
digging in common earth; however, the soil type may affect the engine 
load. A lower engine load would be expected for an excavator digging 
in sandy topsoil and a higher engine load would be expected for 
an excavator digging in hard-packed clay, although there was no 
opportunity to measure the engine loads for an excavating soil duty 
cycle for various soil types. 

Motor graders were observed performing two separate duty cycles, 
including resurfacing and shouldering. Resurfacing had an average 
engine load of 39% and shouldering had an average engine load of 
24%. The resurfacing duty cycle had a higher average engine load 
because the motor grader engaged the full length of its blade and thus 
had a higher resistance imposed by the ground. The shouldering duty 
cycle had a lower average engine load because only a fraction of the 
blade was engaged with the ground and thus had less resistance. 

For the equipment fueled with B20 biodiesel, the overall average 
engine loads were quantitatively similar to the equipment fueled with 
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TABLE 4 Correlation Coefficients for Fuel Use and Emissions, and Engine Attributes 


for Petroleum Diesel 


Horsepower Displacement 
Time-based 
Fuel (gal/h) 0.50 0.72 
NO, (g/h) 0.45 0.70 
HC (g/h) 0.26 0.34 
CO (g/h) 0.40 0.53 
CO, (g/h) 0.50 0.72 
Opacity (g/h) 0.40 0.54 
Fuel-based 
NO, (g/gal) 0.29 0.40 
HC (g/gal) 0.04 0.04 
CO (g/gal) 0.00 0.04 
Opacity (g/gal) —-0.02 —0.02 


petroleum diesel. Backhoes and wheel loaders had an overall average 
engine load of 22% and 19%, respectively (19% and 17%, respectively, 
for petroleum diesel). For motor graders, the overall average engine 
load for resurfacing was 39% (the same as petroleum diesel) and 22% 
for shouldering (24% for petroleum diesel). Thus, as expected, fuel 
type has no significant impact on average engine loads and the slight 
variability in average engine loads based on fuel type shown here 
can be attributed to the variation in the individual duty cycles that 
were measured. 


Average Fuel Use and Emission Rates 


The average time-based fuel use and emission rates and the average 
fuel-based emission rates are summarized in Table 2 for the equip- 
ment fueled with petroleum diesel and in Table 3 for the equipment 
fueled with B20 biodiesel. The average fuel use and emission rates 
for each item of equipment correspond to the duty cycle and engine 
attribute data, including horsepower, displacement, model year, 
engine tier, and engine load. Furthermore, the correlation coefficients 
for fuel use and emission rates versus engine attributes are presented 
in Tables 4 and 5 for the equipment fueled with petroleum diesel and 
B20 biodiesel, respectively. 

Based on Table 4, the time-based fuel use and emission rates of 
each pollutant have a strong positive relationship with displacement 
and a moderate positive relationship with horsepower; thus, engine 
size has the greatest impact on time-based petroleum diesel fuel use 


Model Year Engine Tier Engine Load 


0.32 -0.33 0.39 
~0.45 0.47 0.26 
0.24 0.22 0.18 
-0.29 -0.23 0.23 
-0.32 -0.34 0.39 
0.31 -0.31 0.28 
0.55 -0.52 ~0.33 
-0.06 -0.05 ~0.10 
~0.13 -0.10 ~0.01 
~0.20 0.25 0.03 


and emission rates of NO,, HC, CO, COs, and opacity. As examples, 
scatter plots for the relationships of fuel use and NO, emission rates 
versus displacement are presented in Figure 1. These plots represent 
the linear increase in fuel use and NO, emission rates as displacement 
increases. Although not shown, similar trends exist in the emission 
rates of the other pollutants. 

Based on Table 5, the time-based fuel use and emission rates of 
NO,, HC, CO,, and opacity have a strong positive relationship with 
engine load; CO emission rates have a strong negative relationship 
with model year. Fuel use and NO,, HC, and CO; emission rates also 
have a strong positive relationship with horsepower and displacement. 
Overall, engine load has the most significant impact on B20 biodiesel 
time-based fuel use and emission rates of NO,, HC, CO:, and opacity; 
model year has the most significant impact on CO emission rates. 

Engine displacement was the most highly correlated factor for 
petroleum diesel fuel use and emission rates in part because there 
was large variability of a factor of more than 6, from 44 to 306 hp, 
in displacement among those data. For the equipment tested using 
B20 fuel, displacement varied by only a factor of approximately 2, 
from 90 to 198 hp. However, for the tests on B20 fuel, engine load 
varied by a factor of 4, from 12% to 48%. Hence, the identification 
of engine load as most highly correlated with fuel use rate and 
most of the emission rates for B20 is in part an artifact of the range 
of variation of this factor in the sample data set. As examples, scatter 
plots for the relationships of fuel use and NO, versus engine load are 
presented in Figure 2. These plots represent the linear increase in 
fuel use and NO, emissions with an increase in engine load. Although 


TABLE 5 Correlation Coefficients for Fuel Use and Emissions, and Engine Attributes 


for B20 Biodiesel 


Horsepower Displacement 

Time-based 

Fuel (gal/h) 0.66 0.68 

NO, (g/h) 0.56 0.71 

HC (g/h) 0.61 0.65 

CO (g/h) 0.10 0.32 

CO; (g/h) 0.66 0.68 

Opacity (g/h) 0.24 0.26 
Fuel-based 

NO, (g/gal) —0.09 —0.03 

HC (g/gal) —0.01 —0.05 

CO (g/gal) 0.04 0.26 


Opacity (g/gal) —0.54 —0.52 


Model Year Engine Tier Engine Load 


0.13 0.19 0.87 
-0.41 0.44 0.71 
-0.31 0.21 0.70 
0.85 -0.64 -0.13 
0.13 -0.18 0.87 
0.06 0.24 0.91 
0.08 0.02 0.29 
0.10 0.08 0.02 
-0.77 0.52 0.34 
0.05 0.16 0.02 
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not shown, there are similar trends in the data for HC, CO:, and 
opacity with respect to engine load; however, CO emission rates 
decrease as the model year increases. 

As in Tables 4 and 5, there is a negative relationship of fuel use 
and emission rates versus model year and engine tier, regardless of 
fuel type. Although these relationships are relatively weak, they still 
imply that newer model engines and engine tier standards have been 
effective at reducing fuel use and emissions. 

Based on Tables 4 and 5, fuel-based emission rates have relatively 
weak relationships with the measured engine attributes of horsepower, 
displacement, model year, engine tier, and engine load. This does 
not mean, however, that fuel-based emission rates are unreliable. 
In fact, fuel-based emission rates tend to have less variability than 
time-based emission rates and therefore are effective for emissions 
analyses. Based on the data in Table 2, the petroleum diesel fuel- 
based emission rates have coefficients of variation (standard deviation 
divided by the mean) that are lower than those of the time-based 
emission rates by approximately 73% for NO,, 34% for HC, 14% 
for CO, and 42% for opacity; the average fuel-based emission rate 
of CO, for all equipment that was measured using petroleum diesel 
is approximately 9,900 g/gal + 2%. Based on the data in Table 3, the 
B20 biodiesel fuel-based emission rates have coefficients of variation 
that are lower than those of the time-based emission rates by approx- 
imately 65% for NO,, 8% for HC, 51% for CO, and 32% for opacity; 
the average fuel-based emission rate CO, for all equipment that was 
measured using B20 biodiesel is approximately 9,700 g/gal + 5%. 
Overall, the relative range of variation for fuel-based emission rates 
is lower than for time-based emission rates. 

A comparison of results between B20 and petroleum diesel for the 
15 vehicles that were measured using both fuels needs to be done on 
a consistent basis for the same duty cycles for each type of equipment, 
in order to avoid the confounding effect of intertest variability in 
duty cycle. Frey et al. (8) developed and applied engine load-based 
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Time-based fuel use and emission rates, and displacement (petroleum diesel). 


modal models of fuel use and emission rates and, for each equipment 
item, used the same distribution of engine load, to enable comparison 
between the two fuels for the same duty cycle. On average over all 
15 vehicles tested, time-based NO, emission rates were 2% lower for 
B20 than for petroleum diesel, which is not a statistically significant 
result. However, time-based emission rates were lower by 18%, 26%, 
and 25% for PM, HC, and CO, respectively, which are significant. 


CONCLUSIONS AND RECOMMENDATIONS 


There is a need for accurate fuel use and emissions data for in-use 
nonroad diesel construction equipment. This type of information can 
be used to assess the environmental impacts of construction activities, 
particularly with regard to energy use and air quality. The work pre- 
sented here provides a solid foundation for developing comprehen- 
sive data sets of fuel use and emissions information; however, more 
research needs to be done. The research that produced these results 
should be continued to observe more equipment of the same type 
in order to refine the current data and also gather data from other 
nonrepresented equipment types. 

Fuel use and emissions field data collected by an onboard PEMS 
has an advantage over laboratory dynamometer testing in that the field 
data represent actual in-use conditions for the equipment as opposed 
to simulated conditions. Thus, PEMS data are useful for developing 
emission inventories that are representative of actual vehicle opera- 
tions in the field; however, the methods and results presented here are 
not intended as a certification test or to replace existing certification 
tests. The field data results have been quality assured and benchmarked 
to independent data and are considered valid. These data should be 
used as a complement to existing emissions data, including the EPA 
NONROAD emission factors, in order to provide in-depth analyses of 
nonroad emission sources, including construction equipment. 


40 
Engine Load (%) 
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Time-based fuel use and emission rates, and engine load (B20 biodiesel). 
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The construction activities being performed by the equipment 
presented here were characterized by representative duty cycles; there- 
fore, the corresponding fuel use and emissions for the construction 
activity itself can be compared to the quantity of work completed by 
the equipment. By linking construction quantities to fuel use and 
emissions, it is possible to establish fuel use and emission factors based 
on construction quantities, such as the cubic yards of excavation per 
gallon of fuel used by an excavator or the grams of pollutant emitted 
per mile of roadway shoulder scraped by a motor grader. These 
emission factors can then be used to estimate the fuel use require- 
ments and the pollutants emitted for a construction project based on 
a quantity takeoff from a set of construction plans and specifications. 

Petroleum diesel and B20 biodiesel fuel use and time-based 
emission rates, in most cases, have a strong positive relationship 
with engine displacement, horsepower, and load. For both fuels, 
time-based fuel and emission rates were inversely proportional to 
model year and engine tier. These types of trends should be inves- 
tigated further and used for modeling fuel use and emissions as a 
function of equipment type, engine size, engine load, and model 
year or engine tier. 

Fuel-based emission rates tend to have less variability than time- 
based emission rates. Hence, development of emissions inventories 
based on quantifying fuel consumed, rather than time of operation, 
is preferred where possible. 

The data presented here may be used to evaluate fuel use and 
emission rates based on equipment type, fuel type, and engine attri- 
butes, including horsepower, displacement, model year, engine tier, 
and engine load. These comparisons permit fuel use and emissions 
considerations to be used when making fleet management decisions, 
such as selecting equipment for a specific activity or evaluating the 
equipment’s useful life and deterioration rates. Fleet managers should 
consider the impact of fuel use and emissions when determining 
which equipment to use on a project and also when to retire, replace, 
or retrofit existing equipment. 

The results presented here may be used as a basis for establishing 
emissions inventories of construction projects to help determine 
their emissions footprint. These types of emission inventories may 
be used to assess the environmental impact of construction projects at 
the local, state, regional, and national levels. Environmental planners 
and policy makers should consider such emissions inventories when 
developing pollution reduction strategies and regulations, particularly 
for the construction industry. 
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Miobile Source Air Toxic Emissions 
Sensitivity to Traffic Volume, Fleet Composition, 


and Average Speed 


Alexandra Timoshek, Douglas Eisinger, Song Bai, and Deb Niemeier 


This study used a new emissions modeling tool, CT-EMFAC, to assess 
the sensitivity of mobile source air toxic (MSAT) emissions to changes 
in traffic volumes, speeds, and fleet composition. In addition, the choice 
of the speed calculation method, which is usually part of a postprocessing 
technique, was analyzed. The investigation employed a hypothetical 
6.7-mi freeway segment located in southern California; activity data 
were derived from comparable real-world information obtained from 
the California Department of Transportation. Results show that emissions 
more than doubled in 2004 and increased by a factor of two to four in 
2030 when traffic volumes increased 30% above base case conditions. 
The nonlinear shift in emissions was a function of decreased travel speeds 
and increased grams per mile emission rates that accompanied increased 
traffic volumes. Fleet composition (the proportion of trucks) was also 
shown to affect MSAT emissions, especially for diesel particulate matter 
and aldehydes. Under some scenarios, the choice of the speed calculation 
method had a greater effect on MSAT emissions than 26 years of fleet 
turnover. The analysis also showed that the type of speed calculation 
method used could result in large variations in MSAT emissions. Appli- 
cation of one speed calculation method resulted in calculated congested 
freeway speeds that did not fall below 10 mph. The speed calculation 
method chosen was highly influential in the 2030 case study when fore- 
casted volumes reached levels at which speeds approached the 10 mph 
minimum allowed by the speed calculation method; this probably 
underpredicted emissions. 


Mobile source air toxics (MSATs) are an important constituent of 
urban-scale and near-road pollution problems. According to the 
National-Scale Air Toxics Assessment, mobile sources were respon- 
sible for about 47% of total outdoor toxic emissions, almost 30% of 
the population cancer risk, and 77% of noncancer risk in 2002 (/). 
A growing body of literature has linked road proximity to increased 
pollutant concentrations and adverse health impacts (2-5). In the 
United States, approximately 37 million people live within 300 ft of 
a four-or-more-lane highway, railroad, or airport (6). In addition, 
although individual exposure to pollutants can vary with receptor 
distance from a road, it can also vary substantially for occupants in 
moving vehicles, depending on the quantity of emissions originat- 
ing from other vehicles operating ahead of the vehicles in which the 
occupants are located (4, 7). 
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Among MSATs, diesel particulate matter (DPM) causes special 
concern. The California Air Resources Board (CARB) has identified 
DPM as a toxic air contaminant (8) and the U.S. Environmental 
Protection Agency (EPA) has found that diesel exhaust presents a 
chronic respiratory hazard and is likely to be carcinogenic to humans 
(9). The Multiple Air Toxics Exposure Study HI (MATES III), 
conducted in the greater Los Angeles, California, area in 2004 and 
2005, found that diesel exhaust accounted for about 84% of the total 
air toxics risk (0, 11). In light of health concerns, regulatory agencies 
have sought to identify and minimize the risk and exposure to MSATs 
and to DPM in particular. In 2001, EPA identified priority MSATs 
and established control requirements focused on fuel content (/2). 
In 2007, EPA updated its MSAT requirements and expanded the list 
of priority pollutants (73). In recent years, ambient MSAT concen- 
trations have generally been decreasing and are projected to decline 
further through the 2020s due to existing state and federal regula- 
tions mandating cleaner burning fuels and more stringent light- and 
heavy-duty new-vehicle emission standards (//, /4). 

Yet at the transportation project level, there is still an impor- 
tant need to produce reliable MSAT emissions forecasts. In 2006, 
FHWA published guidance that, in effect, requires project-level 
MSAT emissions assessments (/4). The MOBILE 6.2 on-road 
vehicle emissions model is used to estimate MSAT emissions in 
49 states. CARB’s EMFAC2007 on-road emissions model is available 
for use in California; however, it does not estimate MSAT emis- 
sions. Similar in concept to MOBILE 6.2, EMFAC2007 emission 
factors are based on simulated vehicle trips (75). Although the models 
predict regional and general trends reasonably well, they are not 
sensitive to key traffic variables and are not well suited for analysis 
at the project level (/4). 

In response to the lack of a California-specific MSAT emissions 
modeling tool, the University of California, Davis, worked in collab- 
oration with the California Department of Transportation (Caltrans) 
and CARB to develop the CT-EMFAC tool (/6). CT-EMFAC esti- 
mates emissions for the six priority MSATs identified in EPA’s 2001 
MSAT rule and FHWA’s 2006 MSAT guidance (DPM, formaldehyde, 
1,3-butadiene, benzene, acrolein, and acetaldehyde), in addition to 
other key pollutants [total organic gases (TOG), carbon monoxide, 
nitrogen oxides, sulfur oxides, PMjo, or PM25] and carbon dioxide. 
It may be applied at the project level with user inputs of speed-based 
vehicle miles traveled (16). CT-EMFAC allows, for the first-time, 
project-level assessment of California-based travel activity and asso- 
ciated MSAT emissions (more details on CT-EMFAC are provided 
in section on emissions modeling). 

The purpose of this study was to employ CT-EMFAC and traffic 
data postprocessing techniques to further insight on the sensitivity 
of the transportation project parameters on MSAT emissions. The 
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work was motivated by a need to provide project analysts a deeper 
understanding of how to improve MSAT emissions assessments, as 
well as to expand and enhance consideration of project design options 
for reducing real-world operating emissions. 


CASE STUDY AND METHODOLOGY 


This analysis is based on a hypothetical freeway case study using 
real-world southern California activity data (volumes, fleet mix, 
and speeds). Base case emissions were modeled for 2 analysis years. 
The authors also tested the sensitivity of the base case emissions to 
calendar years, various fleet mix scenarios, traffic volumes, and travel 
speeds, with a specific focus on the impact of the types of speed cal- 
culation methods used in postprocessing techniques, on estimated 
project-level MSAT emissions. 


Case Study Description 


The study used a hypothetical 6.7-mi freeway project in Los Angeles 
County, California. The assumed freeway had three mixed-flow 
travel lanes operating in each direction. The analyses focused on 
peak period conditions in a 2004 base and a 2030 horizon year. 
Assessment of the peak period allowed the authors to test emissions 
sensitivity to various travel speeds and volumes, starting with the 
base case conditions of high volumes and low speeds. Annual emis- 
sions were forecasted for six priority MSATs: DPM, formaldehyde, 
1,3-butadiene, benzene, acrolein, and acetaldehyde. Base case 
(2004 and 2030) travel volumes and fleet mix reflected real-world 
project conditions from recent southern California freeway improve- 
ment projects: a 26% overall increase in forecasted traffic volumes 
and a growing share of overall travel by medium-duty and larger 
trucks (from 9% of 2004 activity to 13% of 2030 activity). 


Speed Postprocessing 


Estimates of regional-scale travel activity are often postprocessed 
to yield more refined estimates of project-level travel speeds. Many 
speed postprocessing methods have been discussed in the literature 
(17-20); this study estimated project-specific travel speeds with two 
relatively simple and widely used speed postprocessing techniques 
(20). The first method, the Bureau of Public Roads (BPR) function, 
was developed in the 1960s; it can be used to obtain speeds on indi- 
vidual freeway links, as well as to determine average speed by func- 
tional class (18). As shown in Equation 1, the BPR function models 
the average highway speed (s) by adjusting the free-flow speed (s;), 
as traffic volume (v) approaches roadway capacity (c). 


a a (1) 


b 
l+a ( | 
é 
where the two parameters, a and b, can be calibrated to reflect local 
conditions or specific roadway functional class (20). In this study, 
a=0.2 and b= 10 were used for calculating average speeds on the 
freeway segments for this case study (2/). The suitability of various 


parameters is not being tested, but rather the speed formula using a 
common setting for a and b. 
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The second method used to estimate congested freeway speeds 
was the Texas Transportation Institute (TTI) function (/8, 22, 23). 
The basis of this method is the harmonic mean of free-flow speed 
and delay. The TTI speed calculation is 


6 
se =a (2) 
— + delay 
Sy 
where 
delay = min| Ae”, M | (3) 
A= 0.015, 
B = 3.5, and 


M = maximum number of minutes of delay per mile, (5 for high- 
capacity facilities such as the freeway segments assessed in 
this study). 


The parameters used for calculating average speeds in this study 
(e.g., a/b of the BPR function and A/B of the TTI method) are based on 
values cited previously in the literature. It should be noted, however, 
that values may be different in practice based on local conditions. 
Both the BPR and TTI methods require input of volume, capacity, 
and free-flow speed. To develop speed estimates, all-vehicle traffic 
volume from the data set was translated into passenger car—equivalent 
flow rate (Vp) in passenger vehicles per hour per lane. 


(4) 


Vp = 
PHF *N* f,, * f, 


where 


PHF = peak hour factor (0.9), 
N = number of lanes in both directions (6), 
fiw = heavy vehicle adjustment factor (0.96) (i.e., trucks were 
assumed to be equivalent to 1.5 passenger vehicles), and 
J, = driver population factor that is equal to 1 during peak hour 
commute (/7). 


Further assumptions were also made for the free-flow speed (65 mph) 
and the associated roadway capacity (2,350 vehicles per hour per lane) 
based on the 2000 Highway Capacity Manual. Detailed activity data 
for the two case study analysis years are presented in Table |. 


TABLE 1 Base Case Traffic Activity Data 
for 2004 and 2030 


Year 

2004 2030 
Vehicle Mix 
Trucks (%) 9 13 
Others (%) 91 87 
Travel Activities 
Peak period volume (vph) 13,058 16,392 
BPR speed (mph) 46 11 
TTI speed (mph) 38 22 


Note: Base case data are for a hypothetical 6.7-mi 
freeway, three lanes in each direction. 
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Emissions Modeling 


The study used a new version of CT-EMFAC (Version 2.6, May 2008) 
to model project-level MSAT emissions (/4). The program includes 
a database of year-specific composite emission factors corresponding 
to combinations of temperature, relative humidity, speed, vehicle 
class, and technology type specific to particular geographic areas in 
California. The minimum data needed to conduct an analysis include 
the analysis year, traffic volume, truck percentage, and average traffic 
speed. By varying the volume and truck percentage and the subsequent 
speed estimates, the emission sensitivity of the six priority MSAT 
pollutants could be evaluated using outputs from CT-EMFAC for 
each test scenario. 

The model’s input for the fleet composition consists of two groups: 
trucks (medium-duty and above) and others (passenger cars, light- 
duty trucks, various buses, motorcycles, and motor homes). The 
truck group includes both diesel and nondiesel trucks and the program 
automatically apportions the truck fleet into appropriate fuel-specific 
fractions for the region using default data from CARB’s EMFAC2007 
model. Consistent with CT-EMFAC, trucks are considered to be all 
medium-duty and above vehicles, regardless of fuel type. The output 
includes (grams per mile) emission factors by pollutant for 13 speed 
bins with 5 mph. These emission factors were linearly interpolated 
within a given speed bin to obtain continuous speed-based emission 
factors appropriate for this sensitivity study. 

Emission factors for the five organic gaseous MSATs are calculated 
based on toxics speciation factors supplied by CARB. A speciation 
factor represents the ratio of emissions of a specific MSAT to TOG 
emissions. An emission factor for a particular MSAT can be obtained 
by multiplying the TOG emission factor by the speciation factor 
associated with the vehicle class, technology type, and fuel type. These 
calculations, embedded in the program, are specific to each calendar 
year, season, geographic area, and emission process (stabilized running 
exhaust, idling exhaust, and running loss). The DPM composite 
emission factors are calculated by taking a weighted average of all 
emission factors for diesel trucks. The factors are then combined with 
the percentages of diesel trucks and diesel nontrucks in the whole 
fleet to calculate fleet-average DPM composite emission factors. 

The CT-EMFAC version employed here includes two important 
data limitations. At the time CT-EMFAC was developed, CARB 
did not have acrolein speciation factors applicable to diesel vehicles. 
Thus, CT-EMFAC (and, consequently, this study) reports acrolein 
emissions solely for gasoline-powered vehicles. Other studies 
have identified that diesel-powered vehicles emit acrolein (24, 25). 
Therefore, the results reported here should be considered a partial 
assessment of the sensitivity of acrolein emissions to varying fleet 
characteristics. Also due to a lack of data, CARB assumed that 
speciation factors for the five gaseous MSATs associated with 
the diesel fleet remain constant over time. In contrast, CARB’s 
gasoline-vehicle speciation factors for gaseous MSATs declines over 
time (e.g., the fraction of gasoline vehicle TOG emissions equal to 
benzene declines from about 0.03 in 2004 to about 0.02 in 2030). 
Thus, for the MSAT data presented here, changes in diesel-vehicle 
emission factors over time for the five gaseous MSATs depend 
solely on changes in TOG emission factors. 


RESULTS 


The first two parts of the findings report information using speeds 
estimated with the TTI speed postprocessing technique. The results 
illustrate how volumes and fleet mix changes can alter forecasted 
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travel speeds and MSAT emissions, holding the speed postprocessing 
technique constant. The third part of the results illustrates the sensi- 
tivity of forecasted travel speeds (and resulting emissions) to speed 
calculation postprocessing approaches. 


MSAT Emissions Sensitivity 
to Calendar Year Changes 


Scenarios for the 2004 and 2030 base cases were conducted 
using CT-EMFAC with speeds calculated by the TTI speed post- 
processing method. Figure | illustrates that despite a 26% increase 
in forecasted travel volumes and a shift toward a larger fraction 
of travel from trucks (see Table 1), base case emissions decline 
substantially over time. 


MSAT Emissions Sensitivity Toward 
Traffic Activity and Fleet Mix 


Next, MSAT sensitivity toward traffic volume and truck percent 
change was assessed. Sensitivity test parameter values (Table 2 
and Table 3) were varied to simulate possible project scenarios 
(e.g., increased volumes because of new lane additions; increased 
truck percentage given future growth in goods movement; decreased 
truck percentage because of truck rerouting). 

Since the assumed roadway capacity stayed constant throughout 
this study, volume-to-capacity ratios were higher than normal 
operating conditions under some scenarios with large traffic volume 
increases. These extreme conditions are designed for the purposes 
of testing emissions sensitivity, but are not likely to be observed in 
the real-world because of the highway improvement projects that 
target growing traffic volume demand. 

Holding truck percentage constant, growth in traffic volume has 
a significant impact on speeds: up to 53% speed reductions were 
forecasted due to a 30% growth in volume by 2030. In contrast, 
variations in truck traffic percentage affected speed estimates only 
marginally. The impact of fleet mix on emissions of all six pollutants 
is shown in Figure 2. 

Changes in fleet composition had little effect on calculated average 
speed but did result in substantial shifts in estimated DPM and 
aldehyde emissions. The relationship between DPM and truck activity 
is straightforward; the sensitivity of aldehyde emissions to fleet mix is 
also indicative of the relative importance of trucks to overall aldehyde 
emissions. Note that total emissions of the five gaseous MSATs 
became more sensitive to truck percentage over time. Trucks con- 
tributed more to the overall MSAT emissions by 2030 than in 2004 
because their associated emissions declined less significantly than 
nontrucks (an artifact of data available when CT-EMFAC was 
created). Therefore, the same scale of truck percentage shift as in 2004 
triggered a larger percentage shift in total MSAT emissions by 2030. 
Figure 3 shows MSAT emissions sensitivity to total traffic volume 
for 2004 and 2030. 

By comparing Figures 2 and 3, it can be seen that, overall, MSAT 
emissions are more sensitive to changes in traffic volume than to 
changes in fleet composition. As illustrated in Figure 3, the volume- 
to-emissions relationship is nonlinear and by 2030 emissions increase 
more than 250% due to a 30% volume shift, as seen for aldehydes. 
The percent shift in emissions that is in excess of the percent shift in 
volume is a function of the resulting decrease in travel speeds that 
accompanies upward shifts in traffic volumes. 
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FIGURE 1 MSAT emissions comparison for 2004 and 2030 base case scenarios (reported acrolein emissions 


are those associated with gasoline-powered vehicles only). 


TABLE 2 Sensitivity Analysis: Traffic Volume and Truck Percentage Data 


Truck Change (%) 


w 


0 
20 
10 


0% (base case) 


Year 2004 Year 2030 
Speed Speed Speed Speed 
Truck (%) (mph) Change (%) Truck (%) (mph) Change (%) 
12 37 —2 17 21 -6 
11 38 -l 15 21 —4 
10 38 -1 14 21 —2 
9 38 0 13 22 0 
9 38 +1 11 22 +2 
8 39 +1 10 23 +4 
7 39 +2 9 22 +6 


Note: Truck change means shifting the relative percent allocated to trucks above or below the base case, holding 
the overall volume constant. Speed, mph refers to the average speed for all vehicles (trucks and nontrucks). Speed 
estimates are based on the TTI method. Speed change reflects the total percent change from the base case. 
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TABLE 3 Sensitivity Analysis: Traffic Volume and Average Speed Data 


2004 2030 
Volume Speed Speed Volume Speed Speed 
Volume Change (%) (vph) (mph) Change (%) (vph) (mph) Change (%) 
30 16,976 20 —46 21,310 10 —53 
20 15,670 26 —32 19,670 10 —52 
15 15,017 29 —24 18,851 13 —41 
10 14,364 32 -16 18,031 15 —29 
5 13,711 35 -8 17,212 18 -15 
0% (base case) 13,058 38 0 16,392 22 0 


Note: Volume change means increasing the amount of vehicles per hour by the percent stated above the base 
case, holding the truck percent constant. Speed, mph refers to the average speed for all vehicles (trucks and 
nontrucks). Speed estimates are based on the TTI method. Speed change reflects the total percent change from 
the base case. 
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FIGURE 2 MSAT emissions sensitivity to fleet composition: (a) in 2004 and (5) in 2080. 
(Each increment represents a percent change in MSAT emissions associated with 

the corresponding truck percentage increase or decrease. Shifts in acrolein emissions 
are associated with gasoline-powered medium-duty and larger trucks.) 
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FIGURE 3. MSAT emissions sensitivity to traffic volume change: (a) in 2004 and 

(b) in 2030. (Each increment represents a percent change in MSAT emissions associated 
with the corresponding traffic volume increase. Shifts in acrolein emissions are 
associated with gasoline-powered medium-duty and larger trucks.) 


The base case involved a 26% volume increase from 2004 to 2030, 
substantially lowering the average speed. However, the shift to cleaner 
operating vehicles over time overwhelmed the emissions increase 
because of reduced travel speeds, and overall emissions declined 
from 2004 to 2030. In contrast, within a given calendar year, volume 
shifts can have a large impact on speeds and emissions. In the 2030 
scenario, testing a 30% overall increase in traffic volumes, travel 
speeds decreased from 22 mph in the base case to 10 mph with the 
higher volumes. In general, MSAT emissions more than doubled in 
2004 and increased by a factor of two to four in 2030 with a 30% 
volume increase above the base case. 

By 2030, the effect of speed on emissions is especially important 
for aldehydes. As shown in the subset of Figure 4b, aldehydes have 
emission factor curves with the steepest slopes, meaning a small 
decrease in speed will lead to a relatively high increase in grams per 
mile emissions. DPM emissions (virtually all of which are emitted 


by trucks) are less sensitive to total traffic volume change than other 
pollutants, which can be explained by the way the sensitivity analysis 
was performed. Shifts in acrolein emissions are associated with 
gasoline-powered medium-duty and larger trucks. Trucks represent 
only a small portion of the total fleet, so increasing the total volume 
adds more nontrucks than trucks. In contrast, formaldehyde and 
acetaldehyde emissions are a function of both truck and nontruck 
emissions, so the total volume impact is bigger. 

Important differences exist over time in the incremental emis- 
sions impact of speed changes. In 2004, there are larger emissions 
impacts for each increment of additional activity and reduced speeds 
(year 2004 fleet emissions become increasingly more sensitive to speed 
changes as travel slows). However, this effect diminishes by 2030: as 
travel speeds slow, the incremental impact from those speed changes 
diminishes. Compare, as an illustration, the impact of a 30% volume 
increase to acetaldehyde emissions in 2004 and 2030. In 2004, the 
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FIGURE 4 Speed effect on MSAT emission factors: (a) in 2004 
and (b) in 2030. [Figure 4b shows an original plot and a magnified 
version (x = 80, y = 0.015]. 


30% volume increment produces the largest incremental increase in 
emissions of the volume scenarios tested; in 2030, the 30% volume 
increment represents the smallest portion of the overall emissions 
increase (Figure 3). An explanation for this finding is related to the 
structure of the TTI formula used for speed calculation. As shown 
in Equation 3, the TTI approach assumes that the congested freeway 
speed estimates will generally not fall below 10 mph (i.e., the real- 
istically possible minimum average highway speed is 10 mph). This 
assumption becomes particularly important by 2030 when travel 
volumes reach levels at which travel speeds are at the minimum 
allowed for the TTI method (Figure 5). The result, assuming the TTI 
formula overpredicts travel speeds in heavy congestion, is likely to 
be an underprediction in emissions. 


MSAT Emissions Sensitivity 
to Speed Postprocessing Methods 


It can be concluded from the previous sections that MSAT emis- 
sions are particularly sensitive to traffic speed. In turn, speeds can 
be especially sensitive to the method used to postprocess speed. To 
further investigate the importance of the method used in speed 
postprocessing, the authors evaluated how the selection of a speed 
postprocessing technique could affect emissions estimates, holding 
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FIGURE 5 Speed sensitivity to traffic volume change for 2004 
and 2030 (speeds are estimated on the basis of the TTI formula). 


travel activity assumptions constant. To complete these assessments, 
assumed travel speeds were calculated by using the BPR formula, 
the resulting speeds were contrasted with those obtained using the 
TTI method, and the resulting emissions differences were modeled 
(Figure 6). 

For the year 2004 base case, the difference between the two speed 
calculation methods is within 10%. For the 2030 base case, however, 
the BPR method resulted in substantially lower travel speeds (11 mph) 
compared to the TTI-based results (22 mph). As a result, BPR-based 
emissions ranged from 31% (DPM) to 62% (acetaldehyde) higher 
than the TTI results. For some pollutants, the difference between the 
two speed postprocessing methods in 2030 is larger than the cor- 
responding emissions reduction that occurred over time because of 
fleet turnover. For example, applying the BPR methodology, the 
calculated emissions reduction for DPM over time is only about 18% 
(Table 4). 

As illustrated by the results in Table 4, the choice of a speed post- 
processing technique can have important implications for emissions 
estimates. Although this study did not examine the relative merits 
of various speed postprocessing techniques, there is literature that 
supports careful selection between speed postprocessing options 
(8, 19, 21). 


CONCLUSION 


MSAT emissions are highly sensitive to key transportation parameters 
and thus are potentially affected by transportation project design 
choices. This study used a newly developed emissions modeling 
tool (CT-EMFAC) to analyze DPM, formaldehyde, 1,3-butadiene, 
benzene, acrolein, and acetaldehyde emissions sensitivity to traffic 
volume, fleet composition, and average speed for years 2004 and 2030. 
The study found that emission estimates are more sensitive to speed 
changes than other input parameters. It is also critical to accurately 
forecast traffic volumes, which are the main determinant of estimated 
traffic speed. 

The study findings reinforce known principles, such as the 
decline in fleet MSAT emissions over time, while emphasizing 
consideration of a forecasting process rarely discussed in the con- 
text of project-level emissions modeling: the selection of speed 
postprocessing techniques. In addition, traffic assumptions such 
as free-flow speeds and highway capacity also have an important 
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FIGURE 6 Speed postprocessing method effect on MSAT emissions (emissions modeled are 


for base case 2004 and 2030 scenarios). 


effect on emission estimates because they further influence congested 
speed calculations. 

Although CT-EMFAC reflects California’s specific conditions 
(e.g., vehicle technology, fuel use, and fleet turnover), emission 
factor—speed curves are generally parabolic, so in concept the results 
of this sensitivity study can be useful for general cases in other states 
as well. Data limitations with respect to speciation information still 
exist in MSAT emissions modeling. A complete set of speciation 
factors, especially for diesel vehicles, are needed for improving MSAT 
emissions estimation. The quality of traffic activity data including 
volume and speed are important because MSAT emissions are 
sensitive to these variables; further research is needed to improve 
the accuracy of project-level travel activity forecasts for emissions 
modeling purposes. 


TABLE 4 MSAT Emission Reductions Over Time and Difference 
Between TTI and BPR Speed Postprocessing Methods 


Emission Reductions Over Within-Year 

Time (2004-2030) Differences Between 

5 a»~=—s Methods 

BPR Fincion Ti Method SS 
MSAT (%) (%) 2004 (%) 2030 (%) 
DPM 18 48 9 31 
Formaldehyde -35 51 10 60 
1,3-butadiene 50 76 8 48 
Benzene 42 73 9 50 
Acrolein 55 77 8 45 
Acetaldehyde -79 36 6 62 


Norte: Emissions are modeled for the base case scenarios. Shifts in acrolein 
emissions are associated with gasoline-powered medium-duty and larger 
trucks. Reported within-year differences are for TTI compared with BPR; 
for example, the TTI method resulted in 9% higher DPM estimates in 2004 
than the BPR method. 
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Particle Number and Size Distribution 
of Emissions During Light-Duty Vehicle 


Cold Start 


Data from the Total Onboard Tailpipe Emissions 


Measurement System 


Mitchell K. Robinson, Karen M. Sentoff, and Britt A. Holmén 


Vehicle emissions during cold start are known to be significantly higher 
than after optimal vehicle operating temperatures are reached. There 
are limited data, however, on particle number and size distributions 
during cold start. Cold-start tailpipe emissions from a 1999 Toyota 
Sienna minivan were quantified at ambient temperatures between 20°C 
and 37°C using a novel system, the total onboard tailpipe emissions 
measurement system (TOTEMS), assembled to quantify the full suite of 
exhaust emissions from light-duty vehicles. TOTEMS particle number 
distributions were measured from 5.6 to 562 nm using an engine exhaust 
particle sizer (EEPS) and total 3- to 3,000-nm particle counts were 
measured using an ultrafine condensation particle counter (UCPC) with 
1-s temporal resolution during cold start and warm-up driving. Second- 
by-second particle number distributions from five cold-start emissions tests 
showed similar particle emissions patterns, allowing for three different 
cold-start phases to be identified based on particle number emissions 
behavior. Cold-start duration ranged from 165 to 230 s and increased 
with decreasing ambient temperature. Different particle sizes during each 
phase were emitted for different lengths of time, with the most abundant 
particles in the nanoparticle (diameter <50 nm) range. The mean particle 
number distributions showed more than 99% of total particle number 
below 100 nm. Concentrations of ultrafine particles (<100 nm) during cold 
start were at least 10 to 100 times (EEPS), and as much as 1,000 times 
(UCPC), above hot-stabilized idle emissions. Observations also suggest 
the presence of tiny particles below 6 nm during cold start. 


Recent evidence shows a strong relationship between fine particulate 
matter (PM) exposure and increased rates of lung diseases, cardio- 
pulmonary diseases, and mortality (/—-4), as well as decreased 
lung development in children (5). Vehicles are a major source of 
fine particles (particle diameter, Dp < 2.5 tm), ultrafine particles 
(Dp < 100 nm), and nanoparticles (Dp < 50 nm). However, vehicle 
emissions tests, typically performed under idealized lab conditions, 
are not wholly representative of the variability and emissions levels 
associated with real-world vehicle operating conditions. This study 
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was conducted as part of a larger project initiated to better understand 
emissions from vehicles under real-world, on-road driving conditions. 
The larger project [see Holmén et al. (6) for more detailed description] 
is unique because total gas (28 species) and particulate (number 
distribution) tailpipe emissions are being collected for light-duty 
gasoline vehicles operating on a specified driving route in Vermont 
over four seasons of sampling. For the present study, |-s data on par- 
ticle size distributions from 5.6 to 562 nm and total particle number 
from 3 to 3,000 nm collected from a single vehicle are examined to 
quantify particle number emissions behavior during cold-start and 
warm-up driving after engine off-times greater than 12 h. A 12-h 
engine off-time is sufficient to cool the engine and catalyst to ambient 
temperature (7, 8). 

Cold-start particle number emissions are significantly higher than 
emissions after a light-duty vehicle has warmed up to its normal 
operating temperature (9). However, few real-world data exist on 
particle number distributions during cold start. Extensive studies 
have been conducted to quantify cold-start gas-phase emissions (8, /0), 
but these studies are commonly limited to the criteria pollutants and 
lack high temporal resolution data for the full particle size distribution, 
often focusing on only gases or particle mass. 

When operating efficiently, the three-way catalytic converter has 
been found to remove 75% of hydrocarbon particle precursors under 
low speed and load operating conditions (9). For the Environmental 
Protection Agency’s FTP75 drive cycle, cold start produced more 
than 80% of the total hydrocarbon gaseous emissions (//), suggesting 
that increases may be expected for cold-start particle number emis- 
sions resulting from gas-to-particle nucleation. Understanding the 
magnitude of these cold-start emissions is important because many 
trips, especially in urban areas, are short and never allow the vehicle 
to reach optimal operating temperatures (/0). Furthermore, most trips 
begin in urban environments, resulting in higher real-world emissions 
than predicted by existing models. 

Previous studies have attempted to quantify the cold-start size 
distribution and composition of particle number emissions from 
light-duty vehicles. With the use of a direct injection gasoline engine 
and Cambustion’s differential mobility analyzer, particle number 
emissions were found to decrease over time during engine warm-up, 
often with particle size decreasing as well (/2). It was found that only 
29% of particles were in the solid phase, elemental carbon between 
5 and 10 nm and carbonaceous particles in the 30- to 80-nm range (/2), 
meaning substantial nucleation occurred. One study noted particles 
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from gasoline engines are primarily in the 7- to 55-nm range during 
cold start (73). Now widely accepted, the low concentration of larger 
solid particles favors the formation of nuclei mode (diameter < 30 nm) 
particles (14) because of the small surface area available for gas-to- 
particle condensation. Also, many studies have focused more on 
diesel engines because they traditionally have had higher emissions 
rates, but diesel vehicles have lower cold-start emissions than gasoline 
vehicles (/5, 16). 

Decreases in ambient air temperature have been linked to increases 
in exhaust emissions that are an order of magnitude or more above 
hot-stabilized emissions (/5, /7—19). Ambient temperatures between 
—20°C and +22°C showed cold-start emissions of many criteria 
pollutants [nitrogen oxides, carbon monoxide (CO), hydrocarbons 
(HC), and particle mass] were several times higher than hot-stabilized 
operation, with this effect magnified as ambient temperature decreased 
(19). One study documented that HC emissions were 26 g per start 
higher at —20°C than at +23°C (/6). Another reported that HC emis- 
sions increased by a factor of 4 during cold starts when ambient tem- 
perature decreased from 32°C to —2°C (/8). These changes in HC 
emissions could have a similar effect on nuclei mode particles 
because of the relationship between HC gas emissions and particle 
nucleation. Reported particle mass increased by a factor of 19 
when cold-start temperature was decreased from 22°C to-7°C (19). 
However, a more recent study showed that particle mass 
was influenced little by ambient temperature (/5), yet this result 
may have no relation to number emissions because particle number 
and mass seem to have little correlation (20). Mass is often reported 
because current regulations are mass-based (PMj) and PM, 5), but 
particle size and number have the greatest effect on human health. 
Therefore, this study focused on particle number from 3 to 3,000 nm 
and quantified the distribution from 5.6 to 562 nm. Most particles mea- 
sured in this study (nearly 100%) were below 300 nm in aerodynamic 
diameter. 


METHODOLOGY 


This section describes the vehicle and its operation during cold-start 
tests, the total onboard tailpipe emissions measurement system 
(TOTEMS) instrumentation and protocols relevant to this study, and 
laboratory instrument validation test procedures. All data for this 
study were collected with a minimum temporal resolution of 1-s and 
emissions were pulled directly from the tailpipe. 


Test Vehicle and Emissions Data Collection 


Individual emissions tests consisted of a single driver operating the 
vehicle under real-world driving conditions over a specific sequence 
of start-up operations and warm-up driving in Burlington, Vermont. 
One driver was used throughout the testing to minimize inconsis- 
tencies resulting from driver behavior. Before starting the vehicle, a 
series of quality assurance/quality control (QA/QC) measurements 
and operations were performed in order to collect accurate instrument 
and vehicle baseline data for each run. These QA/QC procedures 
included 3-h instrument warm-up, instrument blank data, and exhaust 
pipe tunnel blank data. 

A gasoline-fueled 1999 Toyota Sienna minivan with a 194-horse- 
power, 3.0-L V-6 engine and a four-speed automatic transmission 
with LEV | emissions certification was used for all tests. At the time 
of testing, the minivan odometer ranged between 148,424 and 
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148,702 mi. Although an older vehicle was tested here, a 2005 study 
reported an 8.9-year median age of passenger cars. This was up from 
a median of 6.5 years in 1990. Furthermore, between 1990 and 
2005, the median age of vehicles trended steadily up year to year, 
representing a sustained interest in emissions from these older 
vehicles (27). After completion of the blanks, the test vehicle’s engine 
was started. The minivan then idled in park for a period of time 
before shifting into drive and traveling a 0.8-mi warm-up route to a 
gas station. Three traffic signals and two stop signs were encountered 
along the route. This activity was more than adequate for complete 
warm-up during the spring season data collection reported here. For 
this study, data are presented from engine start to engine stop at the 
gas station. 


Total Onboard Tailpipe Emissions 
Measurement System 


As described in more detail elsewhere (6), a suite of 20 instruments 
and accompanying data acquisition were assembled to collect second- 
by-second vehicle operation and tailpipe emissions data as test 
vehicles operate in the real world. This package, TOTEMS, collects 
emissions data on particle number and particle number distribution, 
as well as 28 gas species. In this paper, only the instrumentation and 
methodology relevant to particle emissions and characterization of 
cold-start vehicle behavior are described. An onboard battery system 
powered all instruments without drawing electrical power from 
the test vehicle. An automatic transfer switch was used to transfer 
onboard instrumentation from grid to battery power without shutting 
the instruments down, saving battery power while allowing adequate 
instrument warm-up. 

Relative humidity and ambient temperature were monitored 
both inside and outside the vehicle using identical HOBOware pro 
v2 sensors. An AutoEnginuity STO1 ScanTool collected four engine 
parameters: engine load, vehicle speed, mass air flow, and engine 
revolutions per minute (RPM). Data acquisition cards were used to 
collect data for the following instruments via a Labview 7.0 interface: 
a type J thermocouple to monitor exhaust temperature at the end of 
the tailpipe, type T thermocouples to monitor temperature at the end 
of the heated line and the inlet of the emissions instruments, four 
differential pressure transducers to quantify exhaust flow rate, and 
four parameters monitoring the exhaust dilution system for particle 
measurements. The dilution system for particle measurement included 
two separate components, the matter engineering MD19-2E rotating 
disk mini-diluter and the TSI air supply evaporation tube (ASET 15-1), 
designed to work together providing first-stage (MD19-2E) and 
second-stage (ASET 15-1) dilution in one self-contained device. A 
total dilution ratio of 1:120 (raw exhaust: HEPA-filtered dilution air) 
was used throughout emissions testing. 

Exhaust was transferred via a heated line (set to 191°C) from the 
tailpipe to the particle dilution system. Particle number emissions were 
quantified with two TSI, Inc., instruments: a Model 3090 engine 
exhaust particle sizer (EEPS) and a Model 3025A ultrafine conden- 
sation particle counter (UCPC). The EEPS counts (20% accuracy) 
and sizes (+ 10% accuracy) particles across 32 different bins from 
5.6 to 562 nm (each bin records a specific range of particle sizes). 
The midpoint of each EEPS bin is the reported particle size based 
on aerodynamic diameter. The EEPS records particle number distri- 
bution data at a rate of 10 Hz, but values were aggregated to a 1-Hz 
rate and were recorded to the onboard PC using TSI EEPS Version 
3.1.0 software. The UCPC counts particles from 3 to 3,000 nm with 
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a reported detection efficiency of 50% for 3-nm particles and 90% 
for particles greater than 5 nm. The total particle number concentra- 
tion from the UCPC was recorded to the onboard PC using Aerosol 
Instrument Manager software (Version 8.1.0). 

Antivibration platforms were constructed for both the EEPS and 
UCPC to minimize inaccuracy and instrument error due to noise 
resulting from vibration while driving. The instrument platform for 
the UCPC uses six natural rubber mounts, and because the UCPC is 
influenced little by vibrations, these mounts serve to help minimize 
instrument malfunctions that could result from being jostled. The EEPS 
is mounted on 10 silicone gel mounts, which reduced electrometer 
noise caused by driving by 64%. 

The TOTEMS emissions measurement setup pulls engine exhaust 
from the tailpipe adapter through the 10-ft %-in. inside diameter (ID) 
heated line at an exhaust sample flow rate of 13 L/min. The heated 
line (Atmoseal Model IGH-120-S-6/X-G13) is lined with smooth, 
flexible stainless steel pipe to minimize particle losses. At the end 
of the heated line is a four-way, stainless steel Swagelok fitting that 
splits the flow of undiluted exhaust to the emissions instruments: 
12 L/min to the Fourier transform infrared spectrometer for gas 
analysis and 1.0 L/min to the dilution system for particle measure- 
ments. From the dilution system, particles are transported to the 
EEPS and UCPC via 42 in. of 1/4-in. ID conductive silicone tubing. 
The flow is split, first to the EEPS, then to the UCPC using two stain- 
less steel Swagelok fittings. Data are collected on a Dell OptiPlex 
GX620 desktop PC outfitted with two National Instruments Model 
6024E data acquisition cards and five serial ports. 

EEPS and UCPC particle number emissions data were plotted 
for analysis using MATLAB Version R2008b. Instrument blanks 
were used in this program to calculate the lower detectable particle 
concentration limit for each EEPS size range. Because the EEPS 
operates on electrical principles, it is sensitive to noise. Therefore, 
using the prerun instrument blank for each run, the mean noise values 
for each of the 32 EEPS bins plus 3 standard deviations for each bin 
were calculated individually and subtracted from the EEPS concen- 
trations. Noise quantification for the UCPC was unnecessary because 
it was not sensitive to noise. 


Data Alignment for Instrument 
and Exhaust Flow Lags 


All particulate number emissions data were aligned to the scantool 
data based on the “ignition on” point for reference. At this point, 
engine RPM changed from 0 (engine off) to the peak reading (ignition) 
in | recorded second of data. The EEPS and UCPC behaved similarly, 
where the concentrations jumped from background to maximum 
concentration in | recorded second. Therefore, the scantool and par- 
ticle emissions data were time-aligned using the last point of O RPM 
and the last point for background particulates. No lag was assumed 
for exhaust temperature because it appeared to be sufficiently small 
(<0.5 s) to not affect data alignment. 


Particle Number Instrument Comparison: 
Laboratory Tests 


A comprehensive comparison between the EEPS and UCPC was 
conducted. From this comparison, it was determined that both 
particle instruments are necessary for quality assurance and to 
fully understand the second-by-second tailpipe particle emissions 
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data. Laboratory tests were performed by generating constant con- 
centrations (~3.5 x 107 #/cm*) and varied concentrations (5.4 x 10° 
to 8.9 x 10* #/cm*) of 10- to 100-nm particles, ensuring no detection 
bias toward either particle instrument. (The EEPS and UCPC have 
overlapping, but not identical, particle size measurement ranges.) 
Two types of particles were generated: a sodium chloride solution with 
a concentration of 0.2 g/L in deionized water and a 10:1000 (v/v) 
emery oil—isopropyl alcohol solution. Both solutions were atomized 
using a TSI Model 9302 atomizer and particle-free compressed air. 
From the atomizer, the NaCl aerosol passed through silica gel des- 
iccant for drying. The desiccant was bypassed when using emery 
oil (drying not needed). Aerosol was transferred to the EEPS and 
UCPC through the dilution system (set to 80°C) using the same setup 
described for emissions testing. A total of 28 tests using sodium 
chloride particles and 14 tests using oil particles were performed. 
Particle type (emery oil versus sodium chloride) did not influence 
the total particle concentrations from either instrument. The in-lab 
comparison confirmed that both instruments have response times to 
enable analysis of cold-start data and that the EEPS instrument is 
capable of generating reproducible total particle concentrations. 

The overall average percent difference between the EEPS and 
UCPC particle number concentrations was between 19% and 20%, 
with UCPC always higher. This was consistent regardless of particle 
composition and for both stable and varying particle concentrations. 
The instrument percent difference, which varied 5% to 25% during 
individual tests, results from the different measuring techniques 
of the two instruments and appears to be a consequence of the 
EEPS underpredicting concentration changes for the tested number 
concentrations. 

Constant and transient dilution factor tests were performed to com- 
pare the instruments. The potentiometer on the ASET, which controls 
Stage 2 dilution, was always kept at 7.1. Constant concentration 
tests were performed stepwise by adjusting the MD19-2E potentio- 
meter in increments of 10, beginning at 10% and ending at 100%. The 
potentiometer was kept at each increment for a minimum of 60 s. 
Transient tests were performed by rapidly changing the MD19-2E 
potentiometer to random values between 10% and 100%. Figure | 
shows typical results from both steady and transient concentrations. 
The instrument response of both the EEPS and UCPC was very 
consistent. Comparing the EEPS to the UCPC, the two instruments 
track very well together with nearly identical response curves. From 
Figure 1, the EEPS seems to underpredict concentration changes 
when compared to the UCPC for these laboratory test conditions. 
However, neither instrument appears to show a hysteresis effect. 
Under low concentrations (<5,000 particles per cm*), the EEPS was 
much more variable, and therefore less accurate, due to electrometer 
noise. Emissions concentrations below 5,000 particles per cm* should 
therefore be interpreted with caution. The EEPS and UCPC had a 
consistent concentration difference, evident from similar percent 
differences calculated using constant concentration tests. 


Defining Cold Starts 


Although previous studies used catalyst light-off (/8) or engine 
coolant temperature (/2) to characterize cold starts, this study used 
particle number emissions behavior because of patterns observed in 
the data. Total cold-start duration was characterized by three separate 
phases based on significant changes in particulate emissions behavior. 
Figure 2 shows these different phases (RPM, vehicle speed, and 
exhaust temperature are included for reference) and the end of each 
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FIGURE 1 Laboratory tests compared the EEPS and UCPC under (a) transient 
concentrations and (b) constant concentration of laboratory-generated sodium 
chloride particles (# = number of particles). 


phase is labeled. Flat tops on the UCPC curve in Figure 2 resulted 
when maximum concentration limits were reached. The UCPC max 
concentration limit of 99,900 is a major drawback when looking at 
engine emissions. Even with a high dilution ratio (1:120), the UCPC 
reached its maximum limit during much of the cold start. Use of a 
higher dilution ratio will cause lower concentrations to be undetected 
by the EEPS. 

Cold-start emissions were defined to begin when the particle 
number concentration increased to three times greater than the 
tunnel blank background of 500 to 800 particles per cm’ (EEPS) and 


70 to 100 particles per cm* (UCPC) (Figure 2 at 4s). Note that reported 
particle number concentrations were not corrected for losses in the 
transfer lines. Phase | of the cold starts occurred when the car was 
in park with the engine running; it is characterized by the highest total 
particle number emissions of each run. Phase | began at engine-on 
and depended on when the driver put the car in gear. Although not 
ideal for analysis, this is consistent with the variability associated 
with real-world driving. 

Phase 2 of the cold start was characterized by vehicle operation— 
starting when the automatic transmission was shifted to drive 
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FIGURE 2 Total concentrations from the EEPS and UCPC during Run 1, corrected for dilution 
(bottom panel) (three vertical lines show cold-start phases; concentrations are in #/cm® 


and exhaust temperature is in °C). 


90 


(Figure 2 at 27 s). The end of Phase 2 was defined by emissions 
behavior, when Phase 2 idle particle concentrations dropped to 
levels comparable to hot-stabilized idle concentrations. The vehicle 
was moving during Phase 2, but predominately at idle-creep (<5 mph) 
in a parking lot setting. 

Phase 3 was characterized by a particle emissions pattern showing 
elevated emissions during acceleration events (Figure 2 at 127 to 
237 s). The end of Phase 3 occurred when particle concentrations 
satisfied three criteria: (a) total particle number concentrations 
were comparable to hot-stabilized idle [equivalent to ~2 times above 
EEPS instrument blank (1,400 #/cm*) and ~250 times above UCPC 
instrument blank (100 #/cm*), before accounting for dilution], where 
hot-stabilized idle concentrations were determined from traffic signal 
idling data collected later in the full driving route; (>) the smallest 
particles (5.6 to ~10 nm) in the measured EEPS distribution are no 
longer detectable; and (c) there were no longer significant increases 
in total number concentration as a result of mild to moderate RPM 
increases. Therefore, Phase | was driver behavior dependent, while 
Phases 2 and 3 were characterized by particle number emissions 
patterns. 


EXPERIMENTAL RESULTS 


The broader measuring range of the UCPC at both the large and small 
particle diameter ends [3 to 3,000 nm (UCPC) versus 6 to 560 nm 
(EEPS)] seems to indicate there are large numbers of particles formed 
during cold start that are outside the EEPS measurement range. This 
observation is drawn from the significant differences in particle 
number concentrations (at least a factor of 3) that are seen only during 
the cold start (Figure 2) but were not present while driving after the 
catalyst is hot or in the lab under controlled particle generation. The 
difference can most likely be attributed to the nucleation of small 
particles below the EEPS lower diameter limit of 5.6 nm. Signifi- 
cant particle numbers larger than 562 nm (EEPS maximum size) are 
unlikely in vehicle exhaust. 


Cold-Start Total Particle Number Emissions Data 


Cold-start data were collected on 5 separate days with the ambient 
temperature range from 20°C to 37°C for all starts. Table | summa- 
rizes the cold-start data. The actual total concentration difference 
between the EEPS and UCPC was even greater than documented in 
Table | because the UCPC reached its upper measurement range 
(9.99 x 10") for extended periods during the cold start, whereas the 
EEPS never reached its maximum limits (refer to Figure 2). Cold-start 


TABLE 1. Summary of Cold-Start Emissions Data 


Run Cold-Start Duration EEPS Total Cold 
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duration presented in Table | was determined from engine-on to the 
end of Phase 3. 


Cold-Start Phases: Duration and Particle Modes 


Figure 3 shows the contour plot of EEPS number distributions over 
the full duration of one cold start with corresponding vehicle speed, 
RPM, and exhaust temperature. Exhaust temperature was divided 
by 5 to achieve the same scale as vehicle speed in Figure 3; engine was 
switched on at 4 s, vehicle was put in gear at 27 s, and vehicle moved 
at idle-creep speed out of parking area, accelerating onto Colchester 
Avenue at 141 s. Data are presented as dN/dlogDp, which denotes 
the particle number concentration normalized to the individual 
diameter range on a given EEPS channel (or size bin) (i.e., Channel | 
is from 5.6 to 6.4 nm but Channel 32 is from 487 to 562 nm). Cold-start 
Phase 3 clearly shows particle concentrations spiking with increased 
RPM—which, in this case, indicates acceleration—for all particle 
sizes below 154 nm. This effect diminished as exhaust temperature 
gradually increased (see Figure 2, 140 to 237 s, for example). 

Phase | lasted for 15 to 35 s and the highest measured concentra- 
tions were for particles between 8 and 60 nm. Particles larger than 
20-nm diameter had extremely high concentrations for only about 5 s 
after engine start before dropping significantly; this behavior can 
most likely be attributed to enrichment at engine start (9). Even 
though the larger (>20 nm) particle concentrations dropped quickly 
in Phase |, their concentrations remained as much as 100 times 
higher than hot-stabilized idle for the duration of Phase 1. 

Phase 2 lasted 60 to 95 s with significant increases in number 
concentrations for particles from 5.6 to 200 nm in diameter. The 
highest concentrations, however, occurred for 10- to 30-nm particles 
and were two orders of magnitude above hot-stabilized idle concen- 
trations. Increases in RPM during Phase 2 resulted in significant parti- 
cle concentration increases (and subsequent emission rate increases) 
with particle diameters centered around 10 nm. 

Phase 3 had variable particle number emissions that depended on 
driver behavior in urban traffic and lasted for 90 to 140 s. During 
Phase 3, when at idle (~700 RPM), the concentrations remained 
comparable to hot-stabilized idle concentrations. When RPM 
increased, which again indicates acceleration, 6- to ~154-nm particle 
concentrations increased with the highest concentrations at 10 and 
30 nm. This is largely because the catalyst is unable to efficiently 
remove particle precursor vapors during Phase 3 because the catalyst 
is below its optimal operating temperature and decreased residence 
time. The particle number increase for sizes between 6 and ~154 nm 
occurred even under engine loads of 30% to 40% and acceleration 
of 2 to 3 mph/s. The emission of Phase 3 particles can likely be 


No. (s) Start (#/cm*) CPC Total Cold Start (#/em’*) Avg. T (°C) Avg. RH (%) 
| 230 TAIE+08 1.09E + 09” 20 28 
2 165 3.50E +08 6.68E + 08" 37 23 
3 19] 7.23E + 08 Instrument malfunction 25 42 
4 201 5.13E +08 8.35E + 08” 33 39 
BS) 199 4.97E + 08 7.96E + 08” 32 37 


“EEPS and UCPC data are the sum of particle number concentrations for the full cold-start duration (Phases 1-3 inclusive). 
"Indicates the instrument reached its maximum concentration limit (9.99 x 10*) during the cold-start period, meaning data are biased low. 
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FIGURE 3 Contour plot of particle number distribution (bottom panel) over first 330 s 
of Run 1 test period, with time-aligned data on engine speed, vehicle speed, and exhaust 


temperature (upper panel). 


attributed to enrichment during acceleration (>30 nm) events (9), 
mechanical release of particles (>30 nm), and increased flow rates 
(<30 nm). As exhaust flow rate increases, the catalytic converter 
becomes more inefficient due to reaction kinetics and shorter resi- 
dence time in the catalyst. Although acceleration rates during the 
warm-up driving were relatively low (2 to 3 mph/s), even small 
increases in flow rate may be enough to cause significant increases in 
particulate number emissions if the catalytic converter is not operating 
at its optimal temperature. This may therefore indicate a gradual 
increase in the efficiency of the catalyst relative to its temperature 
until the optimal temperature is reached. The larger particles (>60 nm) 
observed throughout the cold start may, in part, be attributed to 
re-entrainment from the mechanical release of solid particles from 
the exhaust system caused by increased flow rates. At the end of 
Phase 3 (which is also the end of the cold start at 237 s on Figure 3), 
the smallest particles measured by the EEPS (5.6 to ~10 nm) are 
no longer detectable or have very low concentrations (see Figure 3, 
237 to 330s), indicating the catalyst is efficiently removing compounds 
that potentially nucleate to particles. As expected, the highest particle 
number concentrations occurred for particles in the nanoparticle 
(Dp < 50 nm) range, which accounted for over 97% of the particles 
over the entire cold start (Phases | to 3). 


Mean Particle Size Distribution 


EEPS data for each phase of the cold start over the five runs were 
averaged to evaluate changes in particle distribution over time after 
engine ignition. The particle number distributions changed consis- 
tently between phases of the cold start (Figure 4), but the particle 
diameter of the distribution “modes” was consistent run to run. In 
Figure 4, the solid line represents mean EEPS concentrations over 
five cold start runs and the error bars represent the overall range 
from five runs. Particle number distribution under hot-stabilized idle 
operation is included for reference; note that it has much lower 


concentrations and a chiefly bimodal distribution. The modes are the 
particle diameters of the distribution’s peaks. Modes are typically 
assigned as sequential numbers based on particle diameter (x-axis), 
not the concentration (y-axis). In Figure 4, Mode 1 (10 nm) had the 
highest concentration, Mode 2 (18 nm) had the lowest concentration, 
and Mode 3 (50 nm) was intermediate in concentration. Mode | 
(10 nm) was present in all three phases of the cold start, but Mode 2 
(18 nm) and Mode 3 (50 nm) were distinct only for Phases | and 3. 
Phase | had the highest variability in particle number for all particle 
diameters. During hot-stabilized idle operation (Figure 4, bottom), 
the greatest variability and highest emissions were for sizes between 
8.65 and 11.55 nm, corresponding to Mode 1 of the cold-start dis- 
tributions. Like Phase 2, hot-stabilized idle operation lacked a 
distinct Mode 2 (18 nm). 


Magnitude and Duration of Different 
Particle Sizes During Cold Start 


Concentrations from the EEPS were aggregated to 10 bins based on 
similar trends during cold start. EEPS sizing ranges are equally 
spaced on a log-scale, so the smallest ranges, and therefore the best 
resolution, are in the smallest particle sizes. Table 2 shows the dif- 
ferent aggregate bin size ranges, the average particle concentration 
(magnitude) from all combined runs, and the temporal duration over 
which that particle size was detectable for each phase of the cold 
start. Concentrations from hot-stabilized idle operation are also pro- 
vided for comparison. The duration of particles for each size range, 
except for particles from 5.6 to 7.5 nm, began at the beginning of 
each phase and lasted, on average, the length of time provided in 
Table 2. Particle sizes from 5.6 to 7.5 nm demonstrated slightly 
different behavior than all other sizes and therefore comprised the 
first aggregated bin. Particle number did not increase significantly 
after engine start for 3 to 5 s, then increased to the levels reported in 
Table 2. The particle number concentrations in Bin | also changed 
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FIGURE 4 Cold-start mean particle number distributions (note different y-scales): (a) Phase 1, (b) Phase 2, (c) Phase 3, 


Transportation Research Record 2158 


x 10 5 x10 
i B 4 L 
= > 3 L 
L co] OL 
t 6 1} 
0 — a 
10° 
Particle Diameter Particle Diameter 
(a) (b) 
x10" 10° 
= vas az 
Q 
(a) 
D 
i fs) 
HN aT TEE é 
\ = } ye 2 
a oe ae pao ce} 
ews p ! ir : 3 Te 
Dp 2 
10 


Particle Diameter 


(ce) 


Particle Diameter 


(d) 


dN/dlogDp 


Particle Diameter 
(e) 


(d) entire cold start, and (e) hot-stabilized idle. 


TABLE 2 Mean Particle Number Magnitude (#/cm®) and Duration (s) for Three Cold-Start Phases and Hot-Stabilized Idle 
for Aggregated Particle Size Ranges 


Particle Size 
Range 


3.6-1:5 
7.5-10 
10-13.3 
13.3-17.8 
17.8-23.7 
23.7-31.6 
31.6-48.7 
48.7-75 
75-100 
100-562.3 


Phase | Phase 2 
SD of SD of 

Magnitude Duration Duration Magnitude Duration Duration 
4.52E +05 24 6.56 3.83E + 05 43 28.02 
1.23E + 06 27 4.73 1.43E + 06 42 27.54 
1.38E + 06 27 4.73 1.76E + 06 42 27.54 
1.10E + 06 20 5.13 1.01E + 06 42 27.54 
1.09E + 06 20 5.13 5.48E + 05 27 26.10 
1.19E + 06 15 2.65 2.50E + 05 25 28.02 
1.74E + 06 16 2.73 2.85E + 05 25 28.02 
6.62E + 05 12 231 1.87E +05 27 26.10 
7.79E + 04 6 173 5.91E +04 20 10.41 
2.05E + 04 2 Ls 3.49E + 04 7 2:52. 


Phase 3 
SD of 

Magnitude Duration Duration 
6.78E + 04 91 36.06 
L.14E +05 91 37.15 
1.01E +05 93 27.41 
5.56E + 04 97 31.33 
4.26E + 04 97 3133 
4.66E + 04 92 24.01 
1.05E + 05 97 15.28 
8.30E + 04 100 36.06 
3.04E + 04 60 52.92 
1.93E + 04 40 57.74 


Hot- 
Stabilized 
Idle 


Magnitude 


7.20E + 03 
1.31E+04 
1.72E + 04 
1.30E + 04 
6.93E + 03 
9.31E +03 
2.69E + 04 
1.84E + 04 
6.38E + 03 
7.75E+ 03 
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very little through Phases | and 2, whereas sizes greater than 7.5 nm 
showed a clear end to Phase 1. Particle sizes between 7.5 and 100 nm 
showed very similar patterns in time series concentration, so these 
sizes were aggregated to eight bins based on the duration for which 
the particles were detectable. For example, in Table 2, Bin 7.5 to 
10 nm and Bin 10 to 13.3 nm had nearly identical mean duration 
over each cold-start phase. During the aggregation process, particle 
sizes from the EEPS 32 size ranges demonstrating these similarities 
were combined. Larger particle size concentrations (i.e., diameters 100 
to 562 nm), even when aggregated, were always at least two times 
(only representing ~1% of total number emissions) lower than other 
aggregated particle concentrations, so a more disaggregate approach 
was deemed unnecessary for this 10th bin. 

Phase 3 was different from the first two phases because of the 
differing behavior during on-road driving (variable RPM, vehicle 
speed, and exhaust flow rate). Particle number increased for most 
particle sizes up to 154 nm (as shown in Figure 3) when RPM and 
flow rate increased, so the average durations of most aggregate size 
bins were quite similar in Phase 3. Also, Phase 3 concentrations 
were 1.6 to 17 times lower (depending on particle size) than those 
in Phases | and 2. This was a direct result of having generally low 
emissions during many episodes of idle operation from on-road travel 
under urban driving conditions. As was also indicated by Price et al. 
(12), mean particle size decreased through each phase, which is 
shown in Table 2 by smaller particles having longer durations. 
Lastly, the variability in cold-start duration, and subsequently total 
cold-start number emissions, is evident in the standard deviation. 
The standard deviation was typically larger for the smaller particles; 
this indicates greater variability from day to day in the time period 
over which the smallest particles were emitted. 


Effect of Ambient Temperature 


Although all data collected to date were for relatively warm days, 
with ambient temperatures between 20°C and 37°C (refer to Table | 
for ambient conditions), a trend was observed between ambient 
temperature and total cold-start duration. The maximum particle 
number concentrations emitted, as measured by the EEPS (the UCPC 
always reached its maximum concentration limit), were not influenced 
by the ambient temperature over the range of ambient temperatures 
sampled, but the sum of particles emitted throughout the entire dura- 
tion of the cold start clearly indicated that, because of increased 
cold-start duration, cooler days resulted in greater total cold-start 
particle number emissions. The EEPS total particle number was two 
times higher for a 20°C day versus a 37°C day. Despite a shorter 
duration, the 25°C day cold-start emissions were slightly higher 
than the 20°C day by 2%. This is the only inconsistent day from the 
general trend. The observed effect of ambient temperature on cold-start 
emissions is consistent with previous work (9, /2, 79), including 
studies that only quantified gaseous emissions such as HC and CO 
(17, 18), which are precursors to particulate emissions (9). 


CONCLUSIONS 


Although this data set was small, based on only one vehicle, and 
measurements were performed with ambient temperature above 
20°C, the value of second-by-second particle number distributions, 
which is rarely available in previous studies, is documented. High 
temporal resolution of the EEPS instrument allowed identification 
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and quantification of shifting distributions between phases of the 
cold start. This means that a slower scanning mobility particle sizer 
instrument is inadequate for fully understanding particle behavior 
during the entire cold start. Also, all cold starts were performed with 
ambient temperatures above 20°C. Although there was clearly a 
relationship between cold-start duration and magnitude and ambient 
temperature, more data need to be collected in fall and winter months 
to determine how great an influence ambient temperature has on 
particle number distributions. 

It is important to understand the distribution, as well as the 
magnitude and duration, of cold starts. Most exhaust particles 
(~99%) are less than 100 nm in diameter. For the minivan tests, 
three modes were present at 10 nm, 18 nm, and 50 nm, with the 
highest concentrations and longest duration occurring at 10 nm. 
Ambient temperature greatly influenced cold-start duration ranging 
from 165 to 230 s, where concentrations measured by the EEPS 
were 10 to 100 times greater than hot-idle concentrations. If the 
UCPC is considered, cold-start particle number concentrations were 
at times at least three orders of magnitude greater than hot-stabilized 
idle concentrations. This finding has implications for better under- 
standing the health effects associated with particle number emissions 
from vehicles. 

Instrument capabilities currently have serious limitations when 
quantifying vehicle particle number emissions. From this study, it is 
seen that the full particle number distribution cannot be collected 
from light-duty vehicles with the necessary particle size resolution 
using any single commercially available instrument. The increased 
difference between the EEPS and UCPC occurring during the cold 
start indicated significant numbers of particles outside the EEPS 
measuring range. Comprehensive multi-instrument studies must 
be conducted with representative vehicle types, fuels, maintenance 
levels, emissions control devices, vehicle age, and varying weather 
conditions to understand cold-start emissions. 
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Second-by-Second Characterization 
of Cold-Start Gas-Phase and Air Toxic 
Emissions from a Light-Duty Vehicle 


Karen M. Sentoff, Mitchell K. Robinson, and Britt A. Holmen 


Tailpipe pollutants from motor vehicles are linked to environmental 
concerns and human health issues. Gasoline engine ignition produces a 
significant portion of trip emissions, but few studies have quantified 
mobile source air toxic (MSAT) species for light-duty vehicles during cold 
start. Real-world tailpipe emissions were measured from a 1999 Toyota 
Sienna minivan with the University of Vermont total onboard tailpipe 
emissions measurement system. A Fourier transform infrared spec- 
trometer measured 27 gas-phase emissions for cold start, extended idle, 
and warm-up driving at 1-s temporal resolution. Analysis demonstrated 
that (a) time to optimal function of emissions control devices was not 
indicated by one species, but varied for different pollutants; (b) extended 
idling after cold start produced elevated emissions for MSAT species as 
compared to warm-up driving; and (c) ambient temperatures ranging 
from 9.5°C to 38.4°C affected species from each emission category, 
with the exception of carbon dioxide. Carbon monoxide produced peak 
emissions three orders of magnitude higher than hot-stabilized conditions 
for an average of 90 s, regardless of operating conditions, while nitric 
oxide peak emissions were over an order of magnitude higher during 
warm-up driving than extended idle. Peak MSAT emissions, up to two 
orders of magnitude higher than hot-stabilized idle, were maintained or 
increased during extended idle and decreased to baseline within 100 to 
200 s of warm-up driving. Results indicate extended idling after cold 
starts prolongs elevated concentrations of MSAT emissions, suggesting 
that recent policy efforts to reduce vehicle idling behavior could limit 
potential human exposure to the toxic exhaust constituents. 


Vehicle emissions have widely known adverse environmental and 
human health effects, resulting from regulated and unregulated 
pollutant by-products of fuel combustion. Mobile source air toxics 
(MSATSs) are of particular interest because they are identified as 
cancer-causing agents or potentially harmful to human health (/). 
Further, vehicle emissions models are predominantly informed by 
laboratory testing at baseline conditions, neglecting the influence of 
real-world conditions on engine operation and resulting emissions. 
Recent work to improve inventories and enhance the accuracy of 
emissions models has created a need for real-world data collection. 

The data analyzed here were collected as part of a pilot study 
monitoring both particulate and gaseous emissions of real-world 
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vehicles in northern climates, in line with the research aims of the 
Transportation Research Center at the University of Vermont. The 
overall objectives of this broader research are (a) to better charac- 
terize tailpipe emissions during real-world operation of vehicles on 
a second-by-second basis and (b) to speciate tailpipe exhaust from 
alternative vehicles operating under variable terrain conditions in a 
seasonal climate, with specific focus on unregulated compounds. The 
focus of this study is gas-phase emissions with particular attention 
on four of the recognized MSAT species during cold starts, an area 
that has received relatively little attention. This lack of research is 
surprising given that initial ignition of a gasoline engine from cold 
start requires fuel-enriched conditions that are known to produce a 
significant portion of trip emissions because the vehicle’s exhaust 
aftertreatment (catalytic converter) is not yet warmed to operating 
temperature. 

Real-world studies have utilized portable emission measurement 
systems (PEMS) to quantify tailpipe emissions while vehicles are 
in operation on the road network (2-9). Portable systems are advan- 
tageous over dynamometer laboratory tests for understanding the 
emissions resulting from real-world driving conditions. Many PEMS 
measure a small selection of emissions, limited to species regu- 
lated by Environmental Protection Agency emissions certification 
standards (4, 8). Other researchers have instrumented vehicles to 
develop more comprehensive speciation of emissions, implement- 
ing Fourier transform infrared spectrometers (FTIRs) to analyze 
real-world gas-phase emissions (2, 3, 5—7, 9). Though the PEMS 
employed by these institutions are capable of characterizing MSAT 
emissions (7, 9), only one group has pursued quantifying these over 
on-road, cold-start driving cycles (6). Additionally, low-emitting 
vehicles (typical of the most recent model year vehicles) require 
instrumentation capable of lower detection limits, compelling devel- 
opment of new PEMS. This study investigates use of FTIRs for 
onboard tailpipe emissions, alongside particle sizing and counting 
instrumentation (/0). 

Effects of variable terrain (//) and seasonal climate temperature 
ranges (/2—/6) influence the operation of vehicles, because passenger 
cars are designed to operate at maximum efficiency within typical 
temperature and terrain ranges. Second-by-second emissions measure- 
ments allow the transient effects encountered in real-world driving 
scenarios to be analyzed. To date, only temporal resolution sig- 
nificantly greater than | s have been achieved for FTIR onboard 
emissions quantification (7, 9), creating a need for higher temporal 
resolution real-world emissions data. 

Pollutant concentrations emitted from the tailpipe of vehicles 
during cold starts are considerably higher than during travel, even 
with the influence of peaks occurring during on-road events (2). 
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Ambient temperature is known to have a significant influence on 
cold-start emissions (/2, /4-/6). The enriched conditions following 
initial ignition of the engine produce high concentrations of hydro- 
carbons and carbon monoxide, which is amplified by colder conditions, 
as more fuel is required for colder, higher-density air combustion (/3). 
Additionally, warm-up driving patterns immediately following engine 
ignition (after 12-h cold soak) affect the total level of emissions 
produced from cold starts. Speciation of cold-start exhaust in labo- 
ratory settings at varied temperatures based on real-world driving 
cycles has been reported, but little consideration has been paid to 
quantifying unregulated species for cold starts with an onboard 
system (6). Moreover, a significant gap in the literature exists in 
characterizing gaseous and particulate cold-start emissions simulta- 
neously during real-world, on-road, warm-up driving. Groups con- 
ducting similar research have reported solely on gaseous cold-start 
emissions from light-duty gasoline vehicles and have found benzene, 
toluene, xylenes, and formaldehyde to be the dominant species (6). 
Toluene and xylene had elevated emissions at engine start, whereas 
benzene and formaldehyde reached peak emissions further into the 
driving cycle (6). 


METHODOLOGY 


A 1999 Toyota Sienna minivan was instrumented with the total 
onboard tailpipe emissions measurement system (TOTEMS) devel- 
oped by researchers at the University of Vermont and discussed in 
detail in a separate paper (/7). The instrumentation was utilized in 
a single vehicle as a proof of concept pilot study (/8). The vehicle was 
equipped with a 3.0-L V6 engine and was rated as a low-emission 
vehicle according to California Air Resources Board Executive Order 
A-14-351. The specific model used in the study had an odometer 
reading of over 140,000 mi and was fueled with unleaded 87-octane 
gasoline from Gulf Oil L.P. 

The pilot study cold-start gas-phase emissions data for 6 days of 
sampling are analyzed here in detail. Cold start was defined by an 
engine soak time of at least 12 h at ambient temperature before 
engine ignition. Particle number distributions for these cold starts 
are presented in a separate paper (/0). 


TOTEMS Instrumentation 


TOTEMS is a portable emissions measurement system capable of 
measuring vehicle position, ambient conditions, engine operation, 
exhaust flow rate, exhaust temperature, and gas-phase and parti- 
cle number tailpipe emissions at 1-Hz resolution while operating 
over real-world driving scenarios. The key aspects of TOTEMS 
relevant to gas-phase emissions measurement are described in the 
following sections. 


Power Supply 


Instrumentation was powered by two Lifeline absorbent glass mat 
lead-acid batteries rated to 12 V and 255 ampere-hours. These 
batteries deliver the power necessary to run TOTEMS through a 
Vector 2500-W power inverter. The system avoids utilizing the 
vehicle as a power source to prevent artificial load on the engine, in 
turn affecting emissions. 
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Vehicle Behavior 


Data from the vehicle computer were acquired through an Auto- 
Enginuity Scan Tool OBD-II Connector. The scan tool communicates 
with the vehicle to collect second-by-second operational parameters, 
including engine rotations per minute, vehicle speed, engine load, 
and mass air flow. In addition to the scan tool, acceleration in three 
directions was recorded by the Crossbow accelerometer. 


Ambient Conditions 


An Onset HOBO logger positioned on the roof rack of the vehicle 
acquired ambient temperature and relative humidity during sampling. 
System performance may be influenced by temperature; therefore, a 
second temperature and relative humidity logger was placed within 
the vehicle to monitor TOTEMS surrounding conditions. 


Tailpipe Adapter and Exhaust Parameters 


A custom-built tailpipe adapter was affixed to the end of the tailpipe 
of the test vehicle. The adapter extends the factory tailpipe to house 
(a) ports for sampling exhaust parameters, (b) a pitot tube, and (c) an 
exhaust sampling probe. A Type J thermocouple measured exhaust 
temperature. A pitot tube and differential pressure transducers mea- 
sured static and dynamic pressure of the exhaust for conversion to 
exhaust flow rate based on laboratory calibration equations for the 
pitot tube (78). A perforated stainless steel sampling probe extended 
perpendicularly through the tailpipe adapter for delivery of exhaust 
samples to onboard emissions instrumentation. Samples were trans- 
ferred into the vehicle through an Atmoseal smooth-walled flexible 
stainless steel heated line at 191°C to maintain the high exhaust 
sample temperature necessary for gas-phase species analysis. 


Gas-Phase Emissions Measurement 


An MKS Instruments MultiGas 2030 (MG2030) high-speed FTIR 
was used to characterize the gas-phase emissions from the tailpipe 
of the Toyota Sienna minivan. The FTIR instrument simultaneously 
quantified 27 species from the exhaust of the vehicle at I-s resolution. 
Quantification for each compound was based on manufacturer cali- 
brations, internal to the MultiGas 2000 software package. Exhaust 
composition was determined by analysis of infrared spectra. The 
manufacturer calibrations and exhaust composition guidelines 
were assumed accurate for the purpose of this analysis. Independent 
procedures to verify the manufacturer calibrations and method of 
exhaust speciation for gasoline exhaust complex mixtures are under 
development at the University of Vermont. Before the pilot study 
data collection, MultiGas response was verified using a calibration 
emissions mix of carbon monoxide, carbon dioxide, nitric oxide (NO), 
and a typical hydrocarbon surrogate, propane in a nitrogen balance. 
As shown in Table 1, the certified emissions mix concentrations 
were reasonably comparable to the resulting FTIR concentrations. 
The largest discrepancy between the certified mix and the MG2030 
reported concentration was for carbon dioxide, at about a 10% 
difference. 


Specifications and Setup The MultiGas instrument has a wave- 
length resolution of 0.5 cm”! and a path length of 5.11 m, capable 
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TABLE 1 Percent Difference Between FTIR Response and 
Certified Emissions Mix Concentrations for Select Compounds 


Concentrations 
Compound Percent 
(unit) Emissions Mix MKS MG2030 Difference 
CO (%) 8.04 7.98 —-0.75 
CO, (%) 12.22 10.94 —10.47 
NO (ppm) 3,030 3,134.93 3.46 
CH, (ppm) 3,230 3,120.38 =3.39 


of 5-Hz data recording. A flow rate of 12 L/min through the FTIR 
was used to achieve |-s sample residence time in the sample cell. 
Second-by-second resolution data enable analysis of the relationships 
between transient vehicle operation and resulting emissions. A slower 
recording rate, achieved by others utilizing similar methodologies 
but different instruments, may not capture the variability that driver 
behavior may induce on the engine operation and resulting tailpipe 
exhaust composition. 

Sample flow through the MG2030 high-speed FTIR was main- 
tained at 191°C and particle filtered to prevent damage to internal 
components. Potassium bromide windows and gold-plated mirrors 
within the sample cell can be attacked by water or accumulate parti- 
cles, respectively; both interfere with analysis. The inlet of the FTIR 
was fixed with a 2.0-um particulate filter certified for particle mass 
measurements in line with a 0.1-m cartridge filter. The series of filters 
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were insulated to ensure minimal heat loss across the stainless steel 
housings. Maintenance of the high temperatures prevented water 
condensation that could potentially change the composition of exhaust 
preceding analysis. It should be noted that the MultiGas instrument 
quantifies water vapor with each analysis point. 

An SKC Leland Legacy battery-powered personal sampling 
pump pulled the necessary 12-L/min raw exhaust flow through the 
MultiGas instrument. Two water traps at the pump inlet prevented 
water damage or flow obstruction. 


Compound Quantitation Limits As each exhaust emissions species 
was quantified according to a distinct calibration data set, the minimum 
concentration detection limits for the instrument are defined on an 
individual compound basis. The manufacturer specifies the calibration 
ranges and approximate accuracy of measure for each compound; 
however, sampling detection limits vary according to sampling rate. 
The goal of TOTEMS was to achieve the lowest detection limit possi- 
ble for 1-s temporal resolution exhaust measurements. Individual 
compound detection limits for the FTIR were determined based on 
tunnel blank data collected before every run. Tunnel blanks were 
routinely collected as a part of the quality assurance and quality con- 
trol procedure, from the flow of ambient air through the exhaust pipe 
and transfer lines while the vehicle’s engine was off. Conceptually, 
these ambient air measurements provided a background measure 
and three times the standard deviation of tunnel blank average 
concentration was defined as the individual compound’s detection 
limit (Table 2). For comparison, the last column of Table 2 shows 


TABLE 2 Gas Species Detection Limits and Lower and Upper Quantitation Limits 


for the MKS MultiGas FTIR Instrument 


Lowest Highest 
Detection Concentration Concentration 
Limit Point Point Autologic AutoGas 

Compound (ppm or %) (ppm or %) (ppm or %) Analyzer 
Carbon monoxide 2.14 5,000 0-15 
Carbon monoxide (%) 0.01 3.19 7.99 0-5,000 (as NO,) 
Nitric oxide 1.20 2,795 
Nitrogen dioxide 0.46 488 
Ammonia 0.32 12.73 2,995 
Sulfur dioxide 0.98 964.5 
Ethane 1.89 1,004 0-2,000 (as HC, 
Octane 1.12. 1,000 propane 
IsoOctane 1.01 1,000 surrogate) 
1,2,4-trimethylbenzene 4.16 1,000 
1,3,5-trimethylbenzene 1.89 1,000 
Ethylene 0.97 9.74 3,000 
Propylene 4.80 194 
| ,2-propadiene 1.30 1,020 
2-methylpropene 1.68 500 
2-methyl-2-butene 10.26 19.57 19.57 
Ethanol 3.14 1,000 
Methanol 1.23 18.63 931.74 
Acetylene 1.43 1,016 
Propyne 4.38 500 
Formaldehyde 1.07 69 
1,3-butadiene 3.09 f 83.4 
Toluene 15.82 18.63 931.74 
m-Xylene 5.62 93.17 931.74 
Carbon dioxide (%) 0.08 23 0-20 
Methane 1.10 3,143 
Nitrous oxide 0.30 ; 200.1 
Water (%) 0.11 17.87 20.57 
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the concentration range for the five-gas analyzer that the MultiGas 
replaced in the onboard measurement system (/9). Note that the 
MultiGas allows real-time speciation of gases in vehicle exhaust 
unlike traditional five-gas analyzers [e.g., hydrocarbons and oxides 
of nitrogen (No,) individual species in Table 2]. Additionally, a 
conventional five-gas analyzer is calibrated to an emissions mix, 
providing single calibration points for each gas surrogate on which 
to base measurements from the complex exhaust composition. In 
contrast, the MultiGas has a range of concentrations, presented in 
Table 2, used to interpolate the compound concentration in the 
tailpipe emissions sample. 


Hydrocarbon Surrogate In addition to the compounds explicitly 
measured, a summation of a selection of hydrocarbons provided a 
surrogate for nonmethane hydrocarbons. Typically, a single hydro- 
carbon or the summations of a few hydrocarbons are quantified, but 
in this case a surrogate was developed based on variation in compound 
structure. Of the compounds selected, three have single-bonded 
carbons and three contain double-bonded carbons. In addition, the 
number of carbons varies for each of these compounds, incorporating 
the range of hydrocarbon structures. The hydrocarbon parameter 
(HC*) was developed to show the relative concentration of non- 
methane hydrocarbons to other emissions and the relationship of 
HC* to ambient cold-start temperatures. The value for HC* was 
calculated as follows: 


[HC *| = [ethane] + [octane | + [isooctane | + [2-methy]-2-butene | 


+ [2-methylpropene | + [ethylene | 


where the brackets indicate the gas species concentration measured 
by the MultiGas in parts per million (ppm). 


Summary of Cold-Start Sampling Phases 


A total of six events were considered for the gas-phase exhaust species 
analysis (Table 3). Three warm-up driving events (indicated by “- WD”) 
were comprised of engine cold start followed by driving under stop 
sign and signal-controlled conditions typical of urban arterial driving. 
Three other events consisted of a cold-start engine ignition followed 
by a period of extended idle (indicated by “-EI’’), during which time 
the engine was running, but the transmission remained in park for 
varying lengths of time between approximately 900 and 3,000 s. 


TABLE 3 Cold-Start Sampling Data Collected 


Ambient 
Event Date Temperature (°C) 
Run |-EI 1-Apr-2009 9.5 
Run 2-WD 17-May-2009 20.3 
Run 3-WD 21-May-2009 38.4 
Run 4-WD 22-May-2009 24.6 
Run 5-El 24-Jun-2009 32.4 


Run 6-EI 25-Jun-2009 37.5 
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Each of the sampling events was preceded by more than 12 h of cold 
soak that allowed all engine components and lubricants to reach 
ambient temperature. Temperature data from the Onset HOBO logger 
monitoring ambient conditions was averaged over the period from 
engine ignition to end of warm-up driving or extended idle for each 
sampling event, as tabulated in Table 3. 

During extended idle conditions, the vehicle was running, but the 
transmission remained in park. For warm-up driving, the engine was 
started and driving commenced after a short idle period, less than 
| min. The warm-up driving route was a 0.8-mi section of a larger 
35-mi test route to be used in future studies. Warm-up driving for 
this analysis included departure from the University of Vermont 
Transportation Air Quality laboratory and travel to the single gas 
station used for all gasoline refills for the study. Two traffic lights, three 
stop signs, and a steep downhill section provided varied conditions 
along the trip to the gas station. 


RESULTS 
Peak Cold-Start Emissions 


Peak gas concentrations were examined for all species to evaluate 
the relative abundance of each pollutant during vehicle warm-up 
over either extended idle or warm-up driving conditions (see Figure 1). 
The range of peak emissions over the six events was compared to 
hot-stabilized emissions (indicated by blue stars in Figure 1) from 
sampling on-road following a full, 2.4-mi warm-up driving period. 
Of all the gas species measured, carbon monoxide (CO) had the 
highest concentrations during the six cold-start events, with the 
maximum detected concentration during Run |-EI at over 83,000 ppm 
and minimum peak emissions observed in sampling Run 4-WD 
at approximately 26,000 ppm. Even this lower bound of CO peak 
concentration was more than two orders of magnitude higher than 
peak concentrations measured for most other compounds. For CO, 
this peak occurred almost instantaneously following engine igni- 
tion. Nitric oxide (NO), a significant component of the criteria 
pollutant NO,, was also abundant. The peak emissions for NO did 
not occur immediately, but instead were elevated during the driving 
cycle. Other significant peak emissions included acetylene, methane, 
ethanol, ethylene, isooctane, octane, propylene, and toluene. Water 
was quantified as part of the emissions composition, producing 
approximately 12% stabilized water emissions on average, with the 
exception of the first event. The first event, Run |-EI, with signifi- 


Phase of Sampling 


Relative Cold Extended Warm-Up 
Humidity (%) Start Idle Driving 

50.1 X xX 

25.9 xX Xx 

9.2 xX xX 

39.0 xX xX 

41.3 xX xX 

32.6 xX xX 
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FIGURE 1 Maximum emissions concentration range (red cross and range bars) measured 
over six cold starts compared with typical stabilized idle emissions (blue star). The cross 
indicates the mean of maximum emissions, with range bars equivalent to maximum and 
minimum peak emissions for all six events. Missing blue stars for select compounds 
indicate that hot-stabilized idle emissions were below instrument detection limit. 
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cantly colder ambient temperatures, stabilized water concentrations 
at about 5%. 


Cold-Start Emissions for Criteria Pollutants 
and Greenhouse Gases 


Of the 27 gases measured, the temporal trend in concentration 
of two predominant emissions species, CO and carbon dioxide 
(CO), were assumed to indicate the relative operating efficiency 
of the vehicle’s catalytic converter over time. As shown in Figure 2, 
immediately after engine start, carbon monoxide concentrations 
increased rapidly to the peak concentration and decreased back to 
baseline levels, on average, within 90 s of engine start. Cold-start 
CO emissions are typically associated with low air-to-fuel ratio, 
or fuel-enriched conditions, as well as a cold catalytic converter. 
Relatively quick warm-up of the catalytic converter under the test 
conditions and its increasing ability to oxidize CO to CO; as time 
elapsed from ignition are indicated by the increase in CO, that occurred 
after the time of CO peak emissions. The time to optimal efficiency 
of emissions control devices varied tremendously for other emissions 
species, specifically NO, and MSATs. 

For the warm-up driving tests (Figure 2, right panels), the end of 
the sampling period was indicated by engine off for refueling at the 
gas station, resulting in a drop in CO). The three extended idle cold 
starts without driving (Figure 3, left panels) produced steady CO and 
CO, emissions over the extended idle period. 

Nitrogen species emissions patterns were different from CO 
(see Figure 3). Nitric oxide was emitted at an average of approximately 
100 ppm with the initial cold start of the engine. Beyond the initial 
peak emission, NO concentrations depended on vehicle operation. 
During extended idle tests (Figure 3, left panels), the vehicle contin- 
ued to emit relatively stable concentrations of NO and concentra- 


tions gradually increased at idle conditions beyond approximately 
300 s after ignition. As soon as the vehicle was put into gear for 
driving (Figure 4, right panels), the NO concentrations increased to 
concentrations that exceeded the ignition peak. These higher NO 
concentration peaks were likely a result of engine loading. It was not 
until driving was continued for 100 to 200 s that the concentration 
peaks diminished significantly and other nitrogen species were present 
at low concentrations. The vehicle’s catalytic converter was not able 
to convert the NO pollutant to other, less harmful compounds until 
close to the end of the warm-up driving. It is important to note that 
for Run 3-WD, the NO concentration pattern clearly depicts the 
initial shift into drive (indicated by the drive partition in Figure 3), 
the shift into park about 150 s later (indicated by the park partition), 
and the short period of idling that occurred while a Global Positioning 
System error was fixed. 


Air Toxic Cold-Start Emissions 


In general, air toxic species (defined here as formaldehyde, 
1 ,3-butadiene, toluene, and xylenes) were emitted at elevated concen- 
trations during cold-start sampling. Of the MSAT species quantified, 
the products of combustion (formaldehyde and 1,3-butadiene) behaved 
uniquely. When driving commenced as indicated by drive partitions 
(Figure 4, right panels), formaldehyde concentrations increased 
further to peak emissions levels and then decreased gradually to 
near baseline levels within 100 to 200 s of driving. During the 
extended idle conditions (Figure 4, left panels), formaldehyde con- 
centrations did not decrease back to baseline levels, but continued to 
increase slightly during the entire cold start and idle sampling period. 
The pattern of formaldehyde emissions indicates that the extended 
idle conditions were not sufficiently warming up the catalyst that 
would otherwise diminish formaldehyde emissions. In contrast, 
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FIGURE 2 Second-by-second CO and COz emissions during cold-start runs: (a) cold starts with extended idle and (b) cold starts 
with warm-up driving. 
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FIGURE 3 Nitrogen species concentrations over the course of (a) extended idle and (b) warm-up driving cold starts. 
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FIGURE 4 Formaldehyde emission concentration trends over cold-start sampling: (a) extended idle and (b) warm-up driving. 


stop-and-go driving resulted in baseline formaldehyde concentrations 
within approximately 200 s. The MSAT compound 1,3-butadiene 
behaved similarly to formaldehyde in that it reached peak emissions 
either through gradual increase over extended idle or by reaching a 
plateau at high concentrations during the course of stop-and-go 
driving. Unlike formaldehyde, the decrease from peak 1,3-butadiene 
emissions was nearly instantaneous, at the apparent point of catalyst 
optimization, differing drastically from the optimization point as 
determined from CO/CO,j relationships. 

Unlike the MSAT products of combustion, constituents of gasoline 
emissions (toluene and m-xylene) reached their maximum emissions 
point nearly instantaneously. For toluene (Figure 5) and m-xylene 
(data not shown), the maximum peak emissions were recorded within 
5s of engine ignition, similar to the initial start-up behavior exhibited 
by CO. Extended idle conditions resulted in stabilized toluene 
concentration plateaus at levels less than the initial peak concentra- 
tion (Figure 5, left panel). The concentration plateaus increased 
slightly after about 400 s of extended idle for Run 5-EI and Run 6-EI. 
Switching the vehicle to driving conditions again resulted in decreas- 
ing concentrations for these MSATs over time, best illustrated by the 
trends from Runs 2-WD and 4-WD in Figure 5. m-Xylene time series 
trends were similar to those for toluene, just at a lower concentration. 
It is important to note that the idling period that occurred after the 
vehicle was put into gear in Run 3-WD of Figure 5 (indicated by 
the time between the park partition and the second drive partition) 
resulted in a gradual increase to a plateau concentration of about 
150 ppm. Thus, while the vehicle was in park for Run 3-WD, the 
trend of emission concentrations reproduced the extended idle trend 
in Run 5-WD and 6-WD (Figure 5, left panels). Once the vehicle 
was switched into gear again, the emissions pattern changed to the 
warm-up driving trend presented for Run 2-WD and Run 4-WD 
(Figure 5, right panels). 


The four MSAT species investigated showed two distinct time 
trends. Toluene and m-xylene, expected components of gasoline, 
reach peak emission concentrations immediately, corresponding 
to excess unburned fuel at engine ignition. Formaldehyde and 
1,3-butadiene, products of the combustion process recognized by 
the oxygen-containing structure and the structure with two double 
bonds, respectively, reached peak emission concentrations gradually 
over the warm-up and extended idle sampling scenarios. 

The MSAT emissions quantified for the study were produced at 
concentrations well above the detection limits for the instrument. 
Toluene peak emissions reached the upper calibration concentration 
limit of 932 ppm, previously reported in Table 2, during the first 
sampling event. Formaldehyde peak emissions were in the upper 
range of the quantitation limits, but did not exceed the upper limit. 
Hot-stabilized emissions were well below peak emissions for these 
four compounds, the closest being formaldehyde with hot-stabilized 
emissions ranging 1.5 to 2 times below the peak emissions from the 
six sampling events. 


Ambient Temperature Effects 
on Cold-Start Emissions 


It is well documented that temperature influences cold-start emissions 
and this relationship is generally attributed to the requirement 
of establishing enriched air-to-fuel conditions at colder ambient 
temperatures to achieve engine ignition. Species from each category of 
emissions (“criteria” pollutants, HC*, greenhouse gases, and MSATs) 
were plotted to show the general relationship of temperature to peak 
concentration (Figure 6). Over the six runs, an inverse relationship of 
peak gas concentrations as a function of cold-start mean temperature 
was established for many of the compounds, with the exception of 
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FIGURE 5 Toluene cold-start emissions trends: (a) extended idle and (5) warm-up driving. 
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FIGURE 6 Peak emissions at cold start as a function of average ambient air temperature 


for six sampling events. 
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CO, (Figure 6). Only at the hottest average temperature experienced 
in the sampling (38.4°C, Run 3-WD) did that trend change for the 
compounds examined. 


CONCLUSIONS 


The gas-phase emissions during cold start of the 1999 Toyota Sienna 
minivan indicate that optimal function of the emission control devices 
can not be based solely on conversion of single criteria pollutants 
(i.e., CO) to less harmful by-products of combustion (i.e., CO2), 
because the time frame associated with individual pollutant conver- 
sion varies by species. For some criteria pollutants, such as nitric oxide, 
warm-up driving operation produced elevated emissions induced by 
loading the engine. Carbon monoxide, another criteria pollutant, 
was emitted at high concentrations during enriched engine ignition 
conditions, but was mitigated relatively quickly as the catalyst achieved 
optimum operating conditions. Additionally, driver behavior after 
initial engine cold start was found to have a significant effect on 
gas-phase emissions, including the air toxics examined in this study. 
The air toxics were found to persist in high concentrations with 
extended idle conditions, as compared to the lower concentrations 
associated with warm-up driving. The magnitude of the concentration 
changes between these driving behaviors varied between compounds. 

Overall, conversion of carbon monoxide to carbon dioxide 
emissions was examined to define the cold start and time to optimal 
oxidation of the pollutant. This time frame, however, could not be 
used as an indicator for optimal emission control device operation 
(and the end of cold-start emissions behavior), because it did not 
necessarily correspond to the pattern observed for other components 
of exhaust that were apparently affected differently by the catalyst. 
The behavior trend of CO and CO, under 9.5°C to 38.4°C ambient 
temperature test conditions, took approximately 90 s, on average, to 
convert the pollutant almost entirely to the greenhouse gas, indicated 
by the sharp decrease in CO and increase in CQ). The characteristic 
CO and CO, trends were demonstrated regardless of the driving 
cycle or idle condition following the cold start of the engine. This 
might be expected because catalytic converters were first designed 
to control CO emissions. 

The MSAT species, in contrast, were more sensitive to the 
driving versus idle condition. With extended idle, formaldehyde 
and 1,3-butadiene continued to increase during the entire sampling 
periods, ranging from 900 to 3,000 s. Toluene and m-xylene reached 
peak emissions within seconds of engine ignition for all sampling 
events, but after stabilized, lower concentrations were established, 
they also increased as extended idle continued. For warm-up driving, 
1 ,3-butadiene and formaldehyde reached peak emissions during the 
course of driving, but all of the MSATs examined decreased signifi- 
cantly within 100 to 200 s of driving. The preliminary results of this 
study suggest that recent efforts to reduce vehicle idling behavior 
may have implications beyond the known fuel and emissions savings. 
Reduction in idling time could mitigate the elevated concentrations 
achieved in this study for extended idle conditions, as compared to 
the warm-up driving scenarios. With particular consideration of the 
health effects associated with MSAT emissions, these results suggest 
that periods of extended idling after cold starts prolong potential 
exposure at elevated concentrations of these toxic species. Further- 
more, the MSAT data indicate that minimizing idle times will have 
significant air quality and human health benefits. Limiting idle to the 
approximate time it takes for the initial peak of fuel constituents, as 
little as a minute, could prevent further exposure to the air toxics. 
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Ambient temperature affected CO, HC*, methane, and toluene 
peak emissions significantly, illustrating decreasing peak concen- 
trations for compounds from each previously defined emission 
category (criteria, hydrocarbons, greenhouse gases, and MSATs) 
as temperature increased over the range from 9.5°C to 38.4°C. Only 
at the highest temperature were these species not subject to the inverse 
trend. CO, did not respond to temperature changes over the course 
of the sampling events to the same extent as the other compounds 
investigated, but instead stabilized at approximately the same range 
of concentrations from 11% to 14%. The advantage of TOTEMS is 
that the sampling phases were performed in real-world scenarios, 
testing the temperature trend in actual vehicle application. Future 
work with TOTEMS will further investigate the relationship of 
real-world seasonal temperature influences on vehicle emissions. 

Overall understanding of MSAT trends helps to inform models to 
better predict these toxic emissions for purposes of environmental 
air quality and human health and exposure. Peak MSAT emissions 
during cold-start events were found to respond to temperature 
similarly to HC*, CO, and methane, making these species possible 
predictors of MSAT emissions under various temperatures, for model- 
ing purposes. In addition, the increasing concentration behavior of 
MSATs under extended idle conditions, unlike the decreasing emis- 
sions observed for immediate driving, may be an area to investigate 
in terms of human health and exposure to these toxic emissions. 
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Estimating In-Vehicle Concentration of 


and Exposure to Fine Particulate Matter 
Near-Roadway Ambient Air Quality and 


Variability in Vehicle Operation 


Xiaozhen Liu, H. Christopher Frey, and Ye Cao 


Fine particulate matter (PM,;) exposure is associated with short-term 
and chronic respiratory effects. It is necessary to investigate human 
exposure to PM,; to support the assessment of the association between 
exposure and adverse health effects. The methodology used in the 
current version of Stochastic Exposure and Dose Simulation Model 
for Particulate Matter for in-vehicle PM, concentration is reviewed. 
An alternative approach for estimating in-vehicle PM,,; concentration, 
based on the use of a dispersion model to estimate near-road PM, ; 
concentration and a mass balance model to estimate in-vehicle concen- 
tration, has been specified and applied. The objectives of this paper are 
to (a) demonstrate the application of the alternative approach to various 
scenarios, (b) analyze the sensitivity of the modeling results to the key 
inputs, and (c) evaluate this approach. Typical inputs for the alternative 
approach are reviewed. Sensitivities of these inputs to the modeling results 
and estimated human exposure have been analyzed. The in-vehicle PM, ; 
concentration was estimated to vary by more than a factor of two, depend- 
ing on factors such as the cabin air exchange rate and filter efficiency of 
the ventilation system. Recommendations are made for field data that 
would be useful to better characterize variability in factors that affect 
in-vehicle PM,,; concentration. 


Fine particulate matter (PM,,;) includes particles that are 2.5 jum or 
less in aerodynamic diameter. Exposure to PM) is associated with 
short-term and chronic respiratory effects (/). Therefore, there is 
a need to quantify exposure to PM); to support assessment of its 
association with adverse health effects. 

In 2007, 90% of U.S. commuters drove to work (2). Thus, the 
in-vehicle microenvironment is a potentially significant contributor 
to human exposure to pollutants, especially for commuters. A micro- 
environment is a location within which air pollutant concentrations 
are relatively uniform or well characterized. In-vehicle PM); con- 
centration is high compared with those of other microenvironments, 
such as houses (3). 

The Stochastic Exposure and Dose Simulation Model for Particulate 
Matter (SHEDS-PM) is a scenario-based human exposure model 
developed by the U.S. Environmental Protection Agency (USEPA). 
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It simulates individual and population exposure to PM, ; (4). Eight 
microenvironments are accounted for in SHEDS-PM, including out- 
doors, residence, office, school, store, restaurant, bar, and in-vehicle. 
For each microenvironment, the penetration of ambient PM; ; is 
estimated based on a mass balance, linear regression, or scaling 
factor. For selected microenvironments (such as residence, restaurant, 
and bar), indoor sources of PM;,; emissions are estimated. The pro- 
portion of time that each simulated person spends in each micro- 
environment is based on sampling diary data from the Consolidated 
Human Activity Database (CHAD). The characteristics of housing that 
affect indoor air quality are based on census tract data from the 2000 
U.S. Census. Details on SHEDS-PM are available elsewhere (4, 5). 
SHEDS-PM estimates in-vehicle exposure based on an average ratio 
of in-vehicle versus ambient PM, concentrations, with the latter 
estimated based on a fixed site monitor (FSM). FSMs typically rep- 
resent areawide concentrations, but not localized concentrations on 
the roadway. The latter are influenced by vehicle emissions. 

Liu et al. (6) reviewed the SHEDS in-vehicle PM); algorithm 
and inputs and developed an alternative approach of estimating 
in-vehicle PM, concentration. The alternative approach estimates 
PM, ; concentration near the roadway and uses a mass balance model 
to predict in-vehicle PM, ; concentration. The objectives of this paper 
are to (a) demonstrate the application of the alternative approach to 
various scenarios, (b) analyze the sensitivity of the modeling results 
to the key inputs, and (c) evaluate this approach. 


METHODOLOGY 


In SHEDS-PM, inhalation exposure to PM, 5 is estimated on the 
basis of the amount of time spent in each microenvironment and the 
microenvironmental concentrations experienced by every individual. 
SHEDS simulates individuals in a selected population for a speci- 
fied geographic area and time period. Individual activity patterns are 
sampled from CHAD diary data. Housing type is sampled from U.S. 
Census data at the census tract level. Air quality data may be input 
from FSMs, air quality model results, or arbitrary user-specified inputs. 
SHEDS-PM simulates commuting by vehicles to work, as well as 
noncommuting vehicle activity (4). 

For the in-vehicle microenvironment, SHEDS simulates cars, 
trucks, buses, trains, and all other. The in-vehicle PM,.; concentration 
is estimated as a linear function of ambient PM;,; concentration: 


Cot = Res + by + Ey (1) 
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where 


Cw. = in-vehicle PM, ; concentration for vehicle type vt (ug/m*); 
k,, = in-vehicle/ambient ratio PM,; concentration for vehicle 
type vt, constant; 
Cam) = ambient PM,; concentration (ug/m*); 
by, = in-vehicle nonambient PM, concentration for vehicle 
type vt (g/m*); 
vt = vehicle types: car, bus, truck, train, and other vehicles; and 
€ =error term for residual variability in in-vehicle PM, 
concentration, where e€ ~ N (0, 6.) and ©, is the standard 
deviation (ug/m*). 


| 


The ratio of in-vehicle to ambient PM; concentrations, k,,, for 
vehicle type vt is determined by comparing in-vehicle measurement 
data with ambient data. The background in-vehicle concentration b,, 
is nonzero only when there are in-vehicle sources of PM>5, such as 
smoking (7). 

Liu et al. (6) reviewed the in-vehicle algorithms and inputs for 
SHEDS-PM and performed case studies. The case studies indicated 
that the ratio of in-vehicle to ambient concentration is subject to 
substantial variability, ranging from 0.71 to 14.3 (7-9). Updates to 
in-vehicle microenvironmental inputs for SHEDS-PM were recom- 
mended and an alternative approach that integrates a dispersion model 
and a mass balance model to address the variability of in-vehicle 
PM, exposure was developed. 

In this alternative approach, the PM; ; concentration surrounding 
the vehicle (C,,) is predicted by superimposing the incremental 
component of ambient concentration on a roadway (C;,,) that is 
attributable to local emissions from vehicles operating on the roadway 
to an areawide concentration from a FSM or a gridded air quality 
model (C,,,,). The incremental concentration is estimated by California 
Line Source Dispersion Model, Version 4 (CALINE4). CALINE4 
predicts near-road incremental concentration, based on vehicle 
emissions, roadway characteristics, and meteorological data (/0). 
Yura et al. (//) evaluated the performance of CALINE4 in predicting 
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near-road PM, ; concentrations and found it produced results similar 
to measured data for areas close to the emission source and near to 
the ground in suburban areas. However, for urban areas, CALINE4 
did not provide good predictions, which may be due to street canyon 
effects. There is not an existing modeling tool that is capable of 
estimating on-road PM, ; concentration accurately. Hence, near-road 
concentration is used as a surrogate for on-road concentration. 

For air quality inside the vehicle, a mass balance is derived based 
on the schematic of the vehicle cabin and heating, ventilating, and 
air conditioning (HVAC) system of Figure 1. The model is based on 
these assumptions: (a) particles inside the vehicle cabin are well 
mixed; (b) particles enter the vehicle cabin via advection or infiltra- 
tion from outside and by advection from the HVAC system; (c) in the 
HVAC system, air passes through a filter with filter efficiency 1); 
(d) particles are removed from the vehicle cabin by advection or 
exfiltration to the outside, advection to the HVAC system in the 
case of air recirculation, and deposition to interior surfaces; (e) the 
deposition rate is independent of time and direction; (f) the filter 
removal efficiency for the HVAC system is constant; and (g) the 
HVAC system can accept air either from the vehicle cabin or from 
the outdoors. 

The mass balance for the case of the HVAC system using outside 
air is 


a 


dC,, 
“dt. in sv ( 


i, + Dawac ) Cy + an oe (1 ~ n) _ CyB (2) 


Cj, = concentration in the vehicle, ug/m*; 
C., = concentration surrounding the vehicle exterior, g/m"; 
Kin = air exchange rate due to infiltration, L/h; 
Anvac = air exchange rate for the HVAC system, L/h; 
1 = filter removal efficiency, fraction; and 
B = deposition rate, L/h. 


Flow to outside 


\\ Flow to HVAC 
system, 
recirculation 


Flow to HVAC system, 
outside air 


Filter 


FIGURE 1 Schematic of air flow through the vehicle cabin and the heating, ventilating, 


and air conditioning system. 
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The terms in the equation represent advection of outside air into the 
vehicle, advection of cabin air to the outside, advection of outside 
air via the HVAC system filter, and deposition inside the cabin. In 
the case for recirculation of cabin air via the HVAC system, the mass 
balance is 


sie? = in (Cc 


dt Cr ) ‘ 


sv hvac Ci 7 ~ CB (3) 


The terms for this mass balance include the net advection for outside 
air into the cabin versus cabin air to the outside, the net effect of 
cabin air that recirculates through the HVAC filter, and deposition 
inside the cabin. 

The models in Equations 2 and 3 are solved numerically. The 
results from these models are used to specify the ratio of the in-cabin 
concentration, C,,, to the concentration surrounding the vehicle, C,., 
or the areawide ambient concentration, Cyn. Hence, the slope ky, in 
Equation | can be inferred and entered into SHEDS-PM to represent 
the in-vehicle air quality model. The intercept b,, can be set to zero. 
In order to demonstrate the application of the alternative approach, 
the near-road incremental PM,; concentration estimation model 
and the in-vehicle air quality model are applied for various scenarios. 
The model inputs are varied to analyze the sensitivity of the modeling 
results and estimated exposure to selected inputs. 


Near-Road Incremental PM;,5 Concentration 


The inputs to CALINE4 include receptor positions, road geometry, 
and road activity. As a surrogate of on-road incremental PM, 5 
concentration, the receptor is set as close to the edge of the roadway as 
possible. Existing studies on near-road PM;,; concentration estimated 
by CALINE4 indicate that the closest valid distance is 3.4 m (/0). 
Liu et al. (6) have identified the following key input variables for 
CALINE4: road geometry, traffic volume, emission factor, wind 
speed, and stability class. The values for these inputs are reviewed 
and the sensitivity of near-road incremental PM,5; concentration to 
these inputs is quantified. 


In-Vehicle Air Quality Model 


The in-vehicle air quality model has the following key inputs: PM); 
concentration surrounding the vehicle (C,,), air exchange rates for 
the cabin and the HVAC system, filter efficiency, and deposition rate. 
The exterior concentration is sensitive to the roadway scenario and 
depends on vehicle speed, emission rate, traffic volume, and number 
of lanes. To illustrate these latter sources of variability, two scenarios 
are defined based on arterial and highway roadways. 


Sensitivity of Exposure 


Human exposure to PM, ,; is estimated using SHEDS-PM, based on 
a case study for Wake County, North Carolina. The sensitivity of 
in-vehicle exposure and total exposure to the key inputs of the near 
roadway and in-vehicle air quality models are analyzed. 


RESULTS 


This section reviews the key inputs for the alternative approach and 
quantifies the sensitivity of PM,; concentration and exposure to 
these inputs. 
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Near-Road Incremental PM;., Concentration 


The range of values for key inputs is summarized in Table |. The 
sensitivity of near-road incremental PM, concentration to these 
inputs is estimated by altering these inputs over nominal ranges. 

CALINE4 is able to model straight or curved roads, intersections, 
parking lots, and other roadway geometry (9). However, the human 
activity data used in SHEDS do not contain information regarding 
the time people spend on roadways of different geometries. Thus 
for simplicity, only straight roads are considered here. Road geometry 
is defined by start and end points of road links, road heights, lane 
and road width, and mixing zone width. The latter includes 3 m of 
additional width on both sides of the road. Estimated near-road 
concentration was found not to be sensitive to road length when 
varied over a range of 150 m to 10 km. 

Chen et al. (/0) reported an average traffic volume of 1,919 vehicles 
per lane per hour on a six-lane highway in Sacramento, California, 
and validated CALINE4 predictions of PM, concentrations near 
this road. The traffic volumes for different road types are estimated 
based on the number of lanes, average vehicle speed, and distance 
separating two vehicles in the same lane: 


TV = —— x 3,600 s/h (4) 
VXty +1 


where 


TV = estimated traffic volume per lane, vehicles/hour, 
v = average vehicle speed, m/s; 
ty = average time interval between cars in the same lane, s; and 
1 = vehicle length, m. 


For a time interval of 2 s and a vehicle length of 15 m, the estimated 
traffic volumes are approximately 1,600 vehicles per hour per lane for 
a 4-s following time over a range of speeds from 50 to 100 kni/h. 
Kristensson et al. (2) measured PM;,; emission factors in grams 
emitted per vehicle kilometer traveled (g/VKT) in a Swedish tunnel 
that included both gasoline and diesel light-duty vehicle traffic 
and found that they increase with vehicle speed. These real-world 
emission factors include all sources of PM;;, such as exhaust, brake 
wear, tire wear, and resuspension of particles deposited on the road. 
For vehicles at speeds from 45 to 70 km/h, 70 to 75 km/h, and 75 to 
90 kn/h, the average link-based emission factor was 0.033, 0.041, and 
0.100 g/VKT, respectively. The overall average was 0.067 g/VKT, 
which is similar to 0.062 g/VKT as modeled by Chen et al. (/0) in 
a U.S. validation study of CALINE4. Furthermore, the emission 
factors from the tunnel study are comparable to those obtained 
from the MOBILE6 emission factor model. For example, the PM); 
emission factor simulated by MOBILE6 using example data provided 
by USEPA is 0.033 g/VKT on average for all vehicle types, including 


TABLE 1 Range of Values for Key Inputs 


for CALINE4 

CALINE4 Input Value Unit 
Traffic volume 1,600—6,800* veh/h 
Emission factor 0.033-0.100 g/VKT 
Wind speed 1.0-5.4 m/s 


Stability class A, B, C, D, E, F, G = 


“Varies by road type and number of lanes. See Table 2 for 
more detail. 
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TABLE 2 Characteristics of Road Types 
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Total Width Emission Average Distance Traffic Volume 
No. of Width per Total Width of Mixing Factor Vehicle Speed Between Used in CALINE4* 

Road Type Lanes Lane‘ (m) of Road (m) Zone’ (m) (g/VKT) (mph) Vehicles (ft) (veh/h) 

Local I 2 3.15 6.3 12.3 0.033 30 279 1,617 
Local IT 3 3:15 9:5 15.5 0.033 30 279 2,425 
Local HI 4 3.15 12.6 18.6 0.033 30 279 3,233 
Arterial 4 3.45 13.8 19.8 0.041 45 411 3,347 
Highway I 4 3.6 14.4 20.4 0.100 60 543 3,407 
Highway II 6 3.6 21.6 27.6 0.100 60 543 5,110 
Highway II 8 3.6 28.8 34.8 0.100 60 543 6,813 


“According to AASHTO (/4), local roads must have lane widths between 2.7 and 3.6 m, arterial roads must have lane widths between 3.3 and 3.6 m, and highways 
must have lane widths no less than 3.6 m. The average values of the possible ranges of lane width are used in the estimation of total width of the road. The latter is 


the product of the number of lanes and width per lane. 
"Calculated by adding 3 m on each side to the total width of the road. 
“Time interval between vehicles in the same lane is 4 s. 


exhaust, brake wear, and tire wear emissions. Such a result is similar 
in magnitude to that from the tunnel study measurements. 

Wind speed affects air pollutant dispersion. Wind speed data in 
2007 at six stations in North Carolina were examined to account for 
variability in the typical wind speeds in the study area. On a monthly 
basis, the average minimum and maximum monthly wind speeds 
were 2.3 and 5.4 m/s, respectively. On an annual basis, these were 
3.3 and 4.9 m/s, respectively. The capacity of CALINE4 to estimate 
carbon monoxide (CO) concentrations under low wind speed con- 
ditions was verified at wind speeds of approximately 1.0 to 1.5 m/s 
(13). However, no comparable PM, ; validation studies have been 
conducted. It is assumed that the low wind speed performance of 
CALINE4 is suitable for estimation of PM, concentration. Thus 
1.0 m/s is selected as the lower bound of the possible wind speeds. 

To quantify variability in concentrations attributable to roadway 
geometry and vehicle operations, three categories including seven 
types of roadways were identified and compared. The categories 
are local, arterial, and highway. Table 2 lists these road types and 
their characteristics including geometry, traffic volume, and emission 
factor. 

For each road type, CALINE¢4 is applied for various wind speeds 
and stability class. Atmospheric stability class ranges from very 


unstable (A) to very stable (G), and each stability class is associated 
with particular ranges of meteorological conditions such as wind 
speed. Not all stability classes can be used in combination with a 
particular wind speed. Low wind speeds can be associated with any 
stability class. However, the higher wind speeds considered can only 
be associated with stability classes B through E. For each wind speed, 
two bounding stability class are considered. 

CALINE4 runs were conducted on a Windows XP quad-processor 
computer and had a run time of a few seconds. Table 3 shows the 
CALINE4 outputs. Among the road types, Highway III has the highest 
estimated near-road incremental PM; concentration (35.0 ug/m*), 
whereas Local I has the lowest concentration (0.8 g/m"). As expected, 
the incremental concentrations decrease when wind speed increases. 
For example, for the Local I roadway, concentration decreases by 
75% when wind speed increases from 1.0 to 5.4 m/s and by 68% for 
Highway III. More stable conditions lead to higher concentrations. 
For example, for a wind speed of 1.0 m/s and Highway III, the PM, 5 
concentration for stability class G is 16% times greater than for 
stability class A. Overall, concentrations varied by as much as an 
order of magnitude when comparing road types, a factor of three to 
four when comparing wind speeds, and only by 4% to 25% when 
comparing stability class. 


TABLE 3 Near-Road PMs Increment (j1g/m°) Estimated Using CALINE4 for Road Type 


and Wind Speed Scenarios 


Wind Speed (m/s) 

1.0 2.3 33 4.9 5.4 

Stability Class 
Road Type A G A G A G B E B E 
Local I 3.2 3.6 1.7 1.8 1.2 1.5 0.9 1.1 0.8 0.9 
Local II 47 5.3) 2.6 2.9 1.8 2.1 1.4 1 1.2 14 
Local III 5.9 6.6 3.2 3.8 2.6 2.7 1.7 1.5 1.8 
Arterial cx 8.7 4.2 5.0 3:2 3.6 2.3 2 2.1 2.4 
Highway I 18.6 21.5 10.7 12.2 8.0 8.9 5.7 6.5 5.3 5.9 
Highway II 25.4 28.8 15.0 17.0 11.6 13.1 8.0 9.6 7.8 8.9 
Highway III 30.3 35.0 18.5 21.0 14.3 16.5 10.8 12.3 9.8 11.3 


Liu, Frey, and Cao 


In-Vehicle Air Quality Model 


Ott et al. (75) measured the air exchange rates (ACH) for four vehicles 
with variations in vehicle speed, window opening, and ventilation. 
ACH is the average volumetric air flow rate divided by the interior 
volume. The lowest mean ACH was 0.92/h, which was observed for 
a 2005 Toyota Corolla when the vehicle was stopped with the window 
closed and the fan off. The highest mean ACH of 78.6/h was observed 
for a 2005 Ford Taurus sedan at a speed of 20 mph with one window 
fully open and the ventilation fan turned off. 

The U.S. National Human Activity Pattern Survey (/6) indicates 
that people spent an average of 5.5% of the day in vehicles. Employed 
people commute twice per day, and each commute event has a 
duration of approximately 40 min. It is assumed that people spend 
approximately 1.5 h per day in a vehicle. 

Rodes et al. (77) monitored both in-vehicle and on-road PM; 
concentration surrounding the vehicle for traveling events lasting 2 h. 
When the vehicle was at high speed and the ventilation was high, 
the ACH was higher than 20.7/h. When all windows were closed 
and ventilation was set to low for the same vehicle, the air exchange 
rate ranged from 1.8/h when the vehicle was stopped to 5.6/h when 
the vehicle was moving at a speed of 35 mph. Hence, these air 
exchange rates are assumed to be representative of the HVAC system. 

During the summer, the typical scenarios of vehicle operation 
are (a) windows closed and ventilation on and (b) windows open 
and ventilation off. Two ACH values corresponding to the two 
scenarios are selected, respectively: (a) 31.3/h and (b) 71/h (/3). 
Variability and uncertainty in filter efficiency is addressed by con- 
sidering bounding and intermediate values of 0, 0.25, 0.50, 0.75, and 
1.00. The deposition rate was varied from 0 to I/h to assess its effect 
on the estimated in-vehicle concentration. Examples of the results 
of sensitivity analysis of the in-vehicle concentration model are shown 
in Figure 2, based on the assumption of a nominal C,, = 10 pg/m’, 
Kin = 30.3 and 71/h, 7 = 0.5, and B = I/h. 

For a vehicle cabin air exchange rate of 30.3/h and an HVAC 
system air exchange rate of 5.6/h, the dominant means of advection 
is exchange of outside air via windows. Hence, the filter processes only 
asmall portion of the cabin air. Therefore, even if the filter efficiency 
were 100%, the reduction in in-cabin concentration compared to that 
outside the vehicle would only be 18%. As the cabin air exchange 
rate increases to 71/h, the in-vehicle concentration would be only 
9% less than that of the outdoors even with 100% filter efficiency. 
At these high rates of advection of outside air via windows, there is 
little difference in whether the HVAC system intakes outside or 
recirculated air. 

In contrast, if the cabin air exchange rate was relatively low, such 
as 5/h, and if the HVAC system air exchange rate was comparable 
at 5.6/h, then at 50% filter efficiency the in-vehicle concentration 
would be reduced compared to outside air by 33% using fresh air 
into the HVAC system and by 43% using recirculated air. As filter 
efficiency approaches 100%, the cabin concentration would approach 
only 43% of the outside value for either HVAC intake source. If the 
deposition rate were 0/h instead of 1.0/h, the cabin concentration 
would be 47% of the outside value. Hence, the results are not very 
sensitive to deposition rate. 

For cases of high advection of outside air via windows, the ratio 
of in-cabin to outdoor concentration is approximately 0.82 to 0.99, 
depending on the filter efficiency. When the windows are closed and 
the HVAC system is in recirculation model, the ratio would be more 
likely to be in the range of 0.5 to 0.8. 
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FIGURE 2 Example results for estimated in-vehicle PM25 
concentration as a function of time for HVAC system operation 
with outside and recirculated air for selected vehicle cabin air 
exchange rates, filter efficiency of 0.5, and deposition rate 

of 1.0/h: (a) Aj, = 30.3/h and (b) Aj, = 71/h. 


Sensitivity of Exposure 


The sensitivity analysis is based on a case study for Wake County, 
North Carolina. Wake County contains 105 census tracts and had 
a 2000 population of 630,000 people. A random sample of 1% of 
these individuals was simulated. People of all ages and genders were 
included and commuting was considered. PM; concentration data for 
the case study are based on hourly data from July 1, 2002 to July 30, 
2002 from the output of the Congestion Mitigation and Air Quality 
Improvement Program model. The average PM, concentration 
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TABLE 4 Key Inputs for North Carolina Case Study 


Micro- Distribution 
Environment Calculation Scheme — Parameter Type® 
All outdoor Scaling factor* Factor Fixed 
Home Mass balance Penetration Normal 
Deposition Normal 
Air exchange rate Lognormal 
Office Linear regression’ Slope Fixed 
Intercept Fixed 
Residuals Normal 
School Linear regression Slope Fixed 
Intercept Fixed 
Residuals Normal 
Store Linear regression Slope Fixed 
Intercept Fixed 
Residuals Normal 
Restaurant Linear regression Slope Fixed 
Intercept Fixed 
Residuals Normal 
Bar Linear regression Slope Fixed 
Intercept Fixed 
Residuals Normal 
All other indoor — Linear regression Slope Fixed 
Intercept Fixed 
Residuals Normal 
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Distribution Values Reference 


1.0 


Mean = 0.91, sd=0.1 

Mean = 0.79, sd =0.31 

Season 3 (summer)“: geo, mean = 0.555, 
geo. std. = 1.844 


0.18 

3.6 

Mean = 0, sd = 2.9 
0.6 Burke et al., 2001 (5) 
6.8 

Mean = 0, sd =5.4 


0.75 

9.0 

Mean = 0, sd = 2.1 
1.0 Burke et al., 2001 (5) 
9.8 

Mean = 0, sd = 10 

1.0 Burke et al., 2001 (5) 
9.8 

Mean = 0, sd = 10 
0.85 

8.4 

Mean = 0, sd =4 


Meng et al., 2005 (/8) 


Murray and Burmaster, 1995 (/9) 


Burke et al., 2001 (5) 


Burke et al., 2001 (5) 


Burke et al., 2001 (5) 


“Scaling factor equation: Chic = Cambs Where: Cyjcr = Microenvironmental PM concentration; C,,,,= ambient PM concentration; a = factor. 
"Linear regression equation: Cyyicw = KCams + b+ €, Where: k = slope; b = intercept; € = residuals, which is used to calculate variability. The intercepts account for cooking 


or other emissions. Smoking is handled separately in SHEDS-PM. 


‘Fixed refers to constant value; normal refers to normal distribution; lognormal refers to lognormal distribution. 
The modeling period is from July | to July 30, thus only Season 3 (summer) has been used. 


during this time period was estimated to be 12.7 g/m’. All the key 
input assumptions for each microenvironment are listed in Table 4 
except for the in-vehicle microenvironment. 

Table 5 lists the inputs to the in-vehicle air quality model, the cor- 
responding value of k,,, the in-vehicle concentration, the in-vehicle 
exposure (assuming a total of 1.5 h of commuting per day, averaged 


over 24 h), corresponding total exposure for three values of the cabin 
air exchange rate, and the percentage of total exposure that occurs 
in vehicle. 

The results indicate that in-vehicle exposure for a typical com- 
muting scenario can represent approximately 10% to 20% of the daily 
average exposure for an individual, depending on the status of 


TABLE 5 Example of Sensitivity of In-Vehicle Exposure to Vehicle Air Exchange Rate 
and HVAC Filter Efficiency for Highway Scenario with C,,. = 35.0 m/m? 


In-Vehicle PM; ; 


ACH Concentration C,, 
(h') n ky (ttg/m*) 
5.0 0.00 0.83 39.7 
5.0 0.25 0.68 32.2 
5.0 0.50 0.57 27.1 
5.0 0.75 0.49 23.4 
5.0 1.00 0.43 20.6 
30.3 0.00 0.97 46.2 
30.3 0.25 0.93 44.2 
30.3 0.50 0.89 42.4 
30.3 0.75 0.86 40.7 
30.3 1.00 0.82 39,2 
71.0 0.00 0.99 47.0 
71.0 0.25 0.97 46.1 
71.0 0.50 0.95 45.3 
71.0 0.75 0.93 44.4 
71.0 1.00 0.91 43.6 


Average 24-h 


Average 24-h Percentage of 


In-vehicle Total PM, ; Total Exposure 

PM, Exposure Exposure that Occurs 

(ug/m*) (ug/m*) In-Vehicle 
25 13.8 18.1 
2.0 13.3 15.1 
LF 13.0 13.0 
1.5 12.8 1S 
1.3 12.6 10.2 
2.9 14.2 20.3 
2.8 14.1 19.6 
2.6 13.9 19.0 
2.5 13.8 18.4 
2.4 13.7 17.8 
2.9 14.2 20.6 
29 14.2 20.3 
2.8 14.1 20.0 
2.8 14.1 19.7 
2.7 14.0 19.4 


Nore: Assumptions: area wide concentration is 12.7 {tg/m*, incremental near roadway concentration is 35.0 g/m’, 
Cy = 47.7 ttg/m*, deposition rate is 1.0 u/h, HVAC air exchange rate is 5.6 p/h. 
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windows and HVAC system capabilities. The lowest contribution 
of in-vehicle exposure is associated with relatively little airexchange 
via windows, use of recirculated air, and a high filter efficiency. The 
highest contributions are associated with a high exchange rate with 
outside air and no filtering by the HVAC system. The in-vehicle 
concentrations during in-vehicle exposures are estimated to range 
from 21 to 47 g/m", with 24-h averages ranging from 1.3 to 2.9 ug/m’. 

Riediker et al. (7) measured in-vehicle PM;; concentrations for 
selected vehicles in Wake County, North Carolina, in 2001 and 
observed a mean of 24 g/m? with a range from 4 p1g/m* to 54 g/m’. 
The range of estimated in-vehicle concentrations in Table 5 is within 
the range of observed concentrations measured by Riediker et al. 
and thus is considered to be reasonable. 


DISCUSSION OF DATA NEEDS 


Although the near-road PM;,; concentration CALINE4 has been 
validated for CO and PM, ; (8, /0, 73), whether it is appropriate to 
use it as a surrogate for PM, concentration immediately surround- 
ing a vehicle operating on the road has not been validated. Some 
studies indicate that self-pollution may occur for the in-vehicle 
microenvironment (20, 2/). Self-pollution refers to infiltration into 
the cabin of the same vehicle’s tailpipe emissions. Therefore, three sets 
of PM,,; concentration data may need to be collected simultaneously 
in future research to further develop the modeling approach: near-road, 
surrounding the vehicle, and self-emitted. 

The near-road PM,; concentration can be sampled by portable 
instruments located in a vehicle. Air can be drawn in by a pump through 
a size selective inlet. Airborne particles can be collected on a filter. 
By weighing the filter before and after sampling, the particle mass 
of the sample can be determined. Tiitta et al. (22) and Kaur et al. (23) 
measured near-road PM, concentrations with this method. PM,; 
concentrations surrounding the vehicle can be sampled by the 
same instruments used to measure in-vehicle PM,,; concentrations. 
More simultaneous measurements of in-vehicle and surrounding- 
vehicle concentrations are needed in order to validate and further 
develop the mass balance modeling approach. 

To further apply the mass balance model for in-vehicle concentra- 
tion, data are needed for a variety of vehicles in order to characterize 
in-cabin and HVAC air exchange rates, taking into account inter- 
vehicle variability and variation in driver preference for operating 
conditions. The overall ACH for a running vehicle can be determined 
by the following procedure: (a) fill a Tedlar sampling bag with tracer 
gas for which the quantity is known, (b) release all the gas in the bag, 
and (c) measure the concentration decay in the vehicle as a function 
of time (/5). The filter removal efficiency can be measured by com- 
paring PM concentrations that enter the HVAC system to those that 
exit the HVAC system. 


CONCLUSIONS 


There is growing recognition of the importance of the contribution of 
in-vehicle exposures to PM, as a component of total daily average 
exposure. However, to date there are few field studies that quantify 
in-vehicle PM, concentration, and existing exposure models such 
as SHEDS-PM use highly simplified modeling techniques that are 
not able to account for key sources of variability. In particular, the use 
of a linear regression in which in-vehicle concentration is estimated 
based on a distant FSM explains very little variability in the in-vehicle 
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concentration. The in-vehicle concentrations are influenced by emis- 
sions on the roadway, whereas an FSM might be located sufficiently 
far from the roadway that it is not a good indicator of on-road air 
quality. Thus, the preferred method for estimating in-vehicle con- 
centration is to estimate the ambient concentration surrounding the 
vehicle, from which the concentration inside the vehicle can be esti- 
mated. However, there is not yet an accepted modeling approach for 
estimating on-road concentration. The most relevant surrogate to 
on-road concentration that can be reliably estimated with existing 
tools, such as CALINE4, is near-road concentration. 

The near-road concentration is most sensitive to roadway type 
and wind speed and less sensitive to stability class. The near-road 
concentration estimated for highways is a factor of 6 greater than 
that for local roads and a factor of 3.5 greater than that for arterials, 
over a wide range of wind speeds and stability classes. Furthermore, 
near-roadway air quality varied by more than an order of magnitude 
among all of the combinations of road and atmospheric characteristics 
considered. 

If the ambient concentration surrounding a vehicle is known, then 
a reasonable estimate can be made of the in-vehicle concentration 
using a mass balance model. The key factor to which in-vehicle 
concentration is sensitive, aside from the outdoor concentration, 
is the air exchange rate. For low ACH, filter efficiency is also an 
important factor. For occupants who wish to minimize average 
in-vehicle concentration, the preferred operating scenario is to keep 
windows closed and use the HVAC system in recirculation mode, 
as long as there are no in-vehicle emission sources. In-vehicle con- 
centration in the on-road fleet is likely to be highly variable because 
of differences in driver choices regarding operation of windows and 
HVAC system, as well as intervehicle variability in cabin volume. 

There are key data needs that would enable improved estimates 
of in-vehicle PM;,; concentrations. These include ability to estimate 
on-road rather than near-road ambient concentration, accounting 
for vehicle self-pollution in situations where it may be important, 
accounting for in-vehicle emissions sources such as cigarette smoking, 
validating model predictions of in-vehicle concentration based on 
simultaneous measurements of in-vehicle and outside-vehicle air 
quality, and characterization of the frequency distribution of factors 
such as interior volume, ACH, and filter efficiency. 

The estimated results from the coupled near-road air quality and 
in-vehicle mass balance models as demonstrated here are comparable 
to those obtained from in-vehicle measurements. Thus, the method- 
ology presented here is a promising basis for refinement of population- 
based exposure simulation models in order to better account for the 
in-vehicle contribution to total exposure. 
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I-90 Snoqualmie Pass East Project’s Design Engineering 
Challenges of Integrating Transportation Needs 

with Landscape-Level Connectivity and Transportation 
Corridor-Crossing Objectives in Washington State 


Randy Giles, Scott Golbek, Amanda Sullivan, and Jerry Wood 


The Washington State Department of Transportation’s (WSDOT) I-90 
Snoqualmie Pass East Project has presented WSDOT engineers with 
many unique design challenges when integrating the ecological needs of 
the area with the transportation objectives of the project. The project 
faces issues of capacity, deteriorating concrete pavement, unstable rock 
slopes, and road closures associated with avalanches; there is also a real 
need to improve ecological connectivity of the area. I-90 is a physical 
barrier to the north-south movement of fish and wildlife. Wildlife attempt- 
ing to cross the Interstate present a safety concern to motorists, and the 
barrier that I-90 forms between upstream and downstream aquatic 
habitats affects fish passage and hydrologic processes. To identify areas 
where investments in ecological connectivity should be made, WSDOT 
worked with dozens of agencies that manage land resources in the project 
area to design bridges and culverts that improve wildlife and aquatic 
connections. Integrating ecological objectives presented many design 
engineering challenges because of the project area’s unfavorable 
construction conditions. Trade-offs and compromises between WSDOT 
and land resource managers were needed to find suitable solutions to 
problems. Issues that required compromises included eliminating scour 
issues while maximizing restoration areas; improving ground conditions 
for foundations without impacts to wetlands, endangered species, and 
footprint; creating habitat connections while treating stormwater; and 
designing bridges for clearance and connecting habitat. 


The Washington State Department of Transportation’s (WSDOT) 
I-90 Snoqualmie Pass East Project (I-90 project) is a 15-mi highway 
improvement project that will ensure the continued availability of 
Interstate 90 as a primary statewide corridor. Through the I-90 project, 
WSDOT will improve the safety and reliability of this corridor by 
reducing avalanche risks to the traveling public, minimizing road 
closures required for avalanche control work, and reducing the risk 
of rock and debris falling onto the interstate from unstable slopes. 
WSDOT will also fix structural deficiencies and provide for the recent 
and predicted increases in traffic volume. Ecological connectivity is 
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another important project component. WSDOT will work to reduce 
wildlife—vehicle collisions by reconnecting habitat across I-90 and 
improving mobility of aquatic species and wildlife. 

Plans for the project include widening the existing four-lane inter- 
state to six lanes; replacing deteriorated concrete pavement; straight- 
ening sharp roadway curves; stabilizing unstable rock slopes; building 
anew, more efficient snowshed (a concrete shed covering the roadway 
to provide permanent protection from avalanches and other falling 
debris to travelers passing through Snoqualmie Pass); and constructing 
wildlife crossing structures. The first 5 mi of the I-90 project from Hyak 
to Keechelus Dam received funding in 2005 from the Washington 
State Legislature through the Transportation Partnership Account— 
a 9.5-cent increase in the gas tax—in the amount of $595 million. 
The remaining 10 project miles from Keechelus Dam to Easton remain 
unfunded. 

The I-90 project corridor is located high along a mountain pass in 
the Central Cascades. The area’s extreme weather conditions and 
inherent geographical and geotechnical complexities have presented 
WSDOT I-90 project engineers with many challenges when design- 
ing this improvement project. Integrating ecological connectivity 
objectives with transportation objectives has also presented challenges. 
Conflicts in objectives regarding crossing structure designs often 
surfaced that required the I-90 project design team and partnering 
resource agencies to compromise and accept trade-offs in order to 
move the project forward. Finding the right designs to optimize ben- 
efits required a great deal of collaboration, technical investigation, 
and engineering review. 

In this paper, several case studies depict how conflicts in design 
between WSDOT engineers and various resource agencies, inter- 
disciplinary teams, and technical committees were managed to resolve 
issues and reach compromises with satisfactory outcomes. In order to 
understand how WSDOT and project stakeholders integrated trans- 
portation and ecological connectivity objectives into the I-90 project, 
it is first necessary to understand the environment in which WSDOT 
is working and the process for developing the project’s purpose 
and need. 


I-90 PROJECT CORRIDOR ATTRIBUTES 
1-90 spans 300 mi in Washington State from the Port of Seattle to 


the Idaho state line, and then continues east across the United States 
to Boston, Massachusetts. I-90 is the major east-west transportation 
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corridor across Washington and is vital to the state’s economy 
(Figure 1) (/). 

The I-90 project improves a 15-mi portion of I-90, beginning 
on the eastern side of Snoqualmie Pass at milepost 55.1, just east of 
the Hyak Interchange, where the existing highway narrows from six 
lanes to four lanes. The project end point is at milepost 70.3 at the 
West Easton Interchange, where the terrain becomes flatter and 
the highway is straighter. This 15-mi stretch of I-90 is in Kittitas 
County, Washington, and is predominately located on federal land 
within the Okanogan—Wenatchee National Forest. 

The project corridor is located along a high mountain pass in the 
Central Cascades. The general topography is one of mountainous 
peaks and valleys. For the first 6 mi of the project area, I-90 runs along 
a narrow corridor between the shores of Keechelus Lake, a deep-water 
agricultural reservoir, and steep mountain slopes (Figure 2). These 
steep mountain slopes contain volcanic bedrock at varying depths 
that are subject to deep fissures and stress cracks with weakened slip 
planes, which when combined with high annual precipitation and 
freeze-thaw conditions makes them susceptible to landslides, debris 
flow, and avalanches. 

1-90 is built primarily within an easement on national forest 
land. The large areas of protected state, federal, and conservation 
lands north and south of I-90 support a broad range of habitats and 
a diverse array of plants and wildlife. Since the late 1990s, the area 
has been managed according to the Snoqualmie Pass Adaptive 
Management Area Plan. This plan requires protection of old-growth 
habitat, removal of portions of existing Forest Service roads, and 
management of recreation to facilitate species movement. In recent 
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years, there have been substantial private and public land conserva- 
tion efforts to protect old-growth forest, provide larger contiguous 
blocks of forested habitat, and facilitate habitat connectivity across 
the I-90 corridor through the acquisition of private land. The Cascades 
Conservation Partnership, the Mountains-to-Sound Greenway Trust, 
the U.S. Fish and Wildlife Service (USFWS), and the U.S. Forest 
Service (USFS) have invested more than $100 million in these 
efforts during the past 5 years. These land purchases, along with the 
1-90 land exchange, have added 75,000 acres (approximately 117 mi’) 
of land to the national forest system adjacent to and within the I-90 
project area (2). 

Even with conservation efforts, I-90’s presence limits wildlife 
movement and forms a physical barrier between upstream and 
downstream aquatic environments. Existing culverts and narrow 
bridges limit aquatic species movement, and, in many cases, the 
highway embankment has filled in habitat that once made up channels, 
floodplains, and associated wetlands (/). Adequate connections 
between habitats and hydrologic features on either side of I-90 are 
necessary for the continued health of the project area’s diverse 
ecosystems. 

The last major road construction on I-90 Snoqualmie Pass began in 
the 1950s when President Dwight D. Eisenhower signed the Federal- 
Aid Highway Act of 1956, which started the construction of inter- 
state highways; construction was completed in the 1970s. Since the 
1970s, the state’s transportation needs for I-90 over Snoqualmie Pass 
have changed and the existing roadway has deteriorated. 

Today, daily traffic on Snoqualmie Pass averages about 27,000 vehi- 
cles, typically 22,400 passenger vehicles and 4,600 freight vehicles. 
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FIGURE 1 Washington State map showing Interstate 90, the I-90 project location, and typical topography. 
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FIGURE 2 Map showing identified CEAs and the bridges and culverts (in yellow) that will be placed at each CEA to improve connectivity. 


Traffic volumes can rise to more than 59,000 vehicles on week- 
ends and holidays. According to WSDOT traffic studies, travel 
across Snoqualmie Pass is growing at an annual rate of 2.1%, with 
51,000 vehicles projected to use I-90 daily by 2028. 


IDENTIFYING PROJECT PURPOSE AND NEED 


Seeing a need for additional highway capacity and safety improve- 
ments, WSDOT began the public scoping process for the I-90 project 
in 1999. By 2000, an interdisciplinary team (IDT) was formed, consist- 
ing of representatives from WSDOT, FHWA, USFS, Environmental 
Protection Agency (EPA), USFWS, and Washington Department of 
Fish and Wildlife (WDFW); advisory agencies included Washington 
State Parks, U.S. Army Corps of Engineers, and Washington Depart- 
ment of Ecology (Ecology). The IDT was formed to begin preliminary 
engineering and environmental analysis of the project area. Additional 
teams were formed, including a Mitigation Development Team con- 
sisting of biologists and hydrologists from WSDOT, USFS, USFWS, 
and WDFW, and a Wetlands Mitigation Technical Committee con- 
sisting of a geographic information system specialist, biologist, and 
environmental planner, to conduct further environmental analyses 
and provide design recommendations. 

After 5 years of corridor analysis, WSDOT published the I-90 
Snoqualmie Pass East Project Draft Environmental Impact State- 
ment (draft EIS) for public review and comment in 2005. The draft 
EIS highlighted six build alternatives that could potentially meet the 
project’s identified purpose and need for 


© Reducing the risks of avalanche to the traveling public and 
eliminating road closures required for avalanche control work, 

© Reducing the risk of rock and debris falling onto the roadway 
from unstable slopes, 

° Fixing roadway structural deficiencies by replacing damaged 
pavement, 

© Providing for the growth-related increases in traffic volume, and 

© Connecting habitat across I-90 for fish and wildlife (3). 


Over the next 2 years, WSDOT continued using existing partner- 
ships and formed new teams, including a Stormwater Technical 
Committee and Wildlife Monitoring Technical Committee to help 
advance technical investigations and identify a preferred design 
alternative for the I-90 project. These collaborative efforts culminated 
with the release of the Final EIS in August 2008 that identified 
WSDOT’s preferred design alternative for the I-90 project. FHWA 
issued its Record of Decision concurring with WSDOT’s preferred 
alternative in October 2008, which paved the way to complete final 
design and for construction to begin. 


DEVELOPING I-90 PROJECT 
DESIGN CONCEPTS 


After identifying the I-90 project preferred alternative, project engi- 
neers began working with the IDT, mitigation team, and wetlands 
committee to develop conceptual design plans for ecological con- 
nectivity structures. The mitigation team presented design engineers 
with scientific information and site-specific technical report data that 
determined the existing ecological conditions within the project 
area. These data identified 14 north-south ecological linkage areas, 
or connectivity emphasis areas (CEAs), within the project area that 
provided the highest benefit-to-cost ratio and long-term solutions to 
the issue of ecological connectivity (Figure 2). 

Each CEA provided an opportunity to improve connectivity for a 
unique assemblage of species. CEAs ranged in complexity from 
single stream crossings to multiple stream crossings with associated 
wetlands and areas of diffused surface flow to upland areas that were 
important travel corridors for wildlife (2). The mitigation team found 
that crossing structures would be more effective for some species if 
they contained habitat, rather than simply being physical connections 
between habitats on opposite sides of the highway. For instance, 
lower-mobility animals would feel more secure crossing a structure 
if it contained cover. Different animals show different preferences 
for crossing structures, whether the structures are small, medium, 
or large (2). 
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After analyzing all of the mitigation team’s recommendations, 
WSDOT engineers and the mitigation team collaborated to develop 
conceptual designs for the highway alignment, drainage plans, staging 
and construction requirements, traffic control strategies, and initial 
bridge plans at each CEA. The design team also continued to develop 
designs independently. 

While working with the mitigation team and technical committee, 
WSDOT and consultant engineers were also gathering geotechnical 
data from extensive drilling operations on the mountain slopes, in the 
lakebed of Keechelus Lake, and along the existing roadway to deter- 
mine geological conditions. These data were essential to progressing 
conceptual CEA designs. 

Geotechnical findings indicated that certain portions of the project 
area contained stable rock and favorable sediment, while other areas 
contained soft frangible rock and liquefiable soil conditions. Since 
liquefiable soil conditions result in global instability of structure 
foundations, WSDOT engineers had to rethink how to construct 
certain CEA concepts (bridges and culverts). Engineers worked to 
improve conditions and meet seismic regulations while still aligning 
with mitigation team and wetlands committee recommendations. 
In addition to seismic issues, WSDOT engineers had to reformat 
other CEA designs to address other unforeseen issues pertaining 
to erosion, stormwater treatment, clearance, and constructability. 
These design changes had to be made in a way that minimized foot- 
print impacts, prevented wetland impacts, considered endangered 
species in the area, and preserved archeological, cultural, and 
recreational resources. 

In the following sections, case studies explain how WSDOT I-90 
project engineers modified original design concepts to resolve conflicts 
between ecological connectivity recommendations and objectives and 
the unforeseen seismic, erosion, stormwater treatment, clearance, 
constructability, and other resource issues. 


IMPROVING GROUND CONDITIONS 

AT GOLD CREEK CEA WITHOUT IMPACTS 
TO WETLANDS, ENDANGERED SPECIES, 
AND FOOTPRINT 


An important CEA identified by the mitigation team is located near 
the Gold Creek Valley. The Gold Creek CEA is located between 
Milepost 55.2 and Milepost 55.8, near the starting point of the I-90 
project. Gold Creek crosses I-90 under 138- and 126-foot bridges 
and empties into Keechelus Lake at the northwest tip of the lake. This 
CEA connects old growth stands in mountain hemlock—subalpine fir 
forests and provides important hydrologic functions for Gold Creek. 
Gold Creek represents a critical area for linking the Alpine Lakes 
Wilderness to the Norse Peak Wilderness, which, in turn, links to other 
wilderness areas and national parks throughout the Washington 
Cascade Mountains (2). 

To be successful at meeting objectives, WSDOT and the mitigation 
team determined that a high level of connectivity for the high- 
and low-mobility species associated with the mountain hemlock— 
subalpine fir forests, riparian habitats, wetlands, and floodplains 
must be provided year-round. Other objectives for this CEA include 
the following: 


© Providing a high level of connectivity across the reservoir bed 
for approximately 9 to 10 months of the year. (The Keechelus Lake 
reservoir inundates the lakebed at high pool during late spring.) 
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© Significantly reducing wildlife—vehicle accidents in this high 
road-kill zone for deer and elk. This will require wildlife fencing 
around the crossing structures. 

© Restoring natural channel migration processes and reducing 
floodplain confinement, particularly upstream of I-90 where flood- 
plains and associated wetlands are not inundated by Keechelus Lake, 
and restoring capacity to convey flood flows, sediment, and debris 
through the Gold Creek crossing structure. 

® Providing fish passage and habitat improvements for threatened 
bull trout for the full range of lake elevations. 

e Improving water quality by properly treating stormwater and 
highway runoff, and minimizing deicer chemical use. 


The initial Gold Creek CEA concept recommended by the IDT and 
accepted by WSDOT was to replace the existing 138- and 126-foot 
bridges with a 1,200-foot eastbound bridge and a 1,000-foot westbound 
bridge (2). This would provide a connection through the highway 
for approximately 9 to 10 months a year. Additional clearance for 
winter snowpack was also recommended. 

After identifying objectives and conceptual Gold Creek CEA 
bridge designs, WSDOT conducted geotechnical drilling at the Gold 
Creek area. Geotechnical findings indicated areas of liquefiable soil 
conditions at the Gold Creek CEA site. Liquefiable soils (typically 
saturated sand) are a concern because during an earthquake, the soil 
looses shear strength and can flow like a liquid. This results in global 
foundation stability issues with bridge designs. To construct the 
bridges and meet seismic code requirements, WSDOT engineers 
would have to stabilize ground conditions. 

Engineers originally proposed to improve liquefiable soils with a 
technique known as bottom-fed vibro-replacement stone columns. 
The stone columns were to range in diameter from 2.5 ft to 3.5 ft and 
would be constructed on a grid pattern designed to suit the load, soil, 
and performance types. Column holes were to be bored at varying 
design depths of approximately 50 ft deep in places, then dense, 
angular crushed or shot rock backfill would be introduced in discrete 
lifts from the ground surface. Repenetration of each lift would com- 
pact the stone in the surrounding soil. Once complete, the replacement 
stone columns would have effectively reduced foundation settlement, 
mitigated liquefaction potential, improved shear resistance, and 
increased bearing capacity. 

The ecological impacts of the vibro-replacement ground stabiliza- 
tion technique, however, raised red flags among partnering resource 
agencies. Partners were concerned that construction of the stone 
columns would temporarily and permanently impact wetlands and 
expand the footprint of the roadway prism. This technique would 
require a pattern of stone columns roughly 50 ft beyond the toe of the 
highway embankment, necessitating construction within adjacent 
wetlands. 

Understanding the importance of addressing resource agency 
concerns, WSDOT design engineers developed a list of plausible 
alternatives for improving the soil conditions at Gold Creek. WSDOT 
presented these alternatives to its partners and together they deter- 
mined an acceptable method of improving ground conditions that 
met both transportation and ecological connectivity objectives. 

The new, agreed-upon method of improving the liquefiable soils 
is compaction grouting. A very viscous (low-mobility) aggregate grout 
will be pumped in stages, starting up to 50 ft deep in places and 
working toward the ground surface. The grout will form a column 
of bulbs, which densifies and displaces the surrounding soils. WSDOT 
will construct the grout columns on a grid pattern designed to suit 
load, soil, and seismic performance. Once complete, the grout columns 
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will reduce foundation settlement, mitigate liquefaction potential, 
improve shear resistance, and increase bearing capacity. This tech- 
nique uses a much smaller pattern (20 ft by 30 ft in total), localizes 
impacts to directly beneath the embankment fill area next to the 
bridge abutment, and allows minimization of the highway footprint. 


ELIMINATING SCOUR ISSUES AT GOLD 
CREEK BRIDGES WHILE MAXIMIZING 
THE RESTORATION AREA 


The Gold Creek CEA serves as a wildlife crossing structure, restores 
natural channel migration processes, and reduces floodplain con- 
finement. Because of high spring flows within the creek, WSDOT 
engineers had to plan for scour in their bridge designs. Original 
bridge designs called for optimizing costs by keeping the foundations 
shallow—above ground water level—and using “launching toe” 
revetments consisting of large rip-rap to protect the foundation 
embankments (Figure 3). 

The height and width of the planned revetments, however, resulted 
in a conflict with CEA objectives. Partnering resource agencies 
were concerned that revetments would reduce clearance and open- 
ness, limit the amount of revegetation that could occur, and reduce 
the amount of available wetland credit for the restoration area under 
the bridges. 

WSDOT design engineers and the resource agencies collaborated 
on finding a new design that would satisfy CEA objectives and scour 
mitigation costs. The resulting compromise in design called for 
lowering the armament to just below ground level, thereby enabling 
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revegetation and openness of the area. Bridge foundations will be 
accompanied by large rocks inserted underground, near the scour 
level at the toe of the bridge (Figure 3). 


CREATING A HABITAT CONNECTION AT 
GOLD CREEK CEA-UPPER KEECHELUS LAKE, 
TREATING STORMWATER AND REDUCING 
WETLAND IMPACTS 


The I-90 project corridor passes through the Wenatchee National 
Forest and runs adjacent to the northeastern shore of Keechelus Lake 
for the first 6 mi, then parallels the Yakima River for the remaining 
9 mi. The project crosses five tributaries to Keechelus Lake and nine 
significant tributaries to the Yakima River, including the Kachess 
River. The project also crosses or is adjacent to numerous wetlands 
(4). Therefore, incorporating stormwater management systems into 
1-90 project is essential for minimizing contamination of terrestrial 
and aquatic habitats. Stormwater treatment facilities also present 
WSDOT with the opportunity to repair water quality problems caused 
by the existing highway. For example, in certain creeks located 
within the project area, water quality has been affected due in part 
to sediment (traction sand from both I-90 and the adjacent WSDOT 
maintenance facility sandpile) and the presence of metals (lead and 
arsenic) in stormwater runoff. 

The selection, design, and mitigation process for this stormwater 
system is complex. Portions of the project are located on steep slopes 
(rock cliffs) where construction of stormwater best management 
practices (BMPs) would be very difficult and require extensive 
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FIGURE 3 Original and modified designs for the Gold Creek Bridge foundations: (a) Option A and (b) preferred option. 
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structural support. Other typical freeway BMPs, such as infiltration 
swales and ditches, are infeasible because portions of the project are 
located in narrow corridors where cliffs are on one side of the freeway 
and a lake or river is on the other side, with no room for a median. 
And while not exactly a physical constraint, snow management and 
snow hydrology play a large role in how space is utilized and what 
BMPs are most suitable, with open areas in the median or adjacent 
to the freeway likely doubling as both snow storage areas as well 
as stormwater BMP locations (4). 

To help identify issues and find the best solutions to solve 
stormwater treatment challenges, WSDOT created a multiagency 
Stormwater Technical Committee to review stormwater technical 
and permitting issues, evaluate mitigation approaches developed by 
WSDOT, and recommend appropriate, effective, and efficient mit- 
igation methods to the design team. Committee members included 
WSDOT and consultants, USFS, and EPA staff who have permitting 
approval roles or are partner agencies with a strong interest in helping 
solve stormwater problems. 

WSDOT and the stormwater committee conducted several 
in-depth studies and determined that a stormwater treatment and 
snow storage facility was needed near the Gold Creek CEA. The 
identified preferred location for the facility was at the WSDOT 
maintenance facility, just west of the Gold Creek CEA, where addi- 
tional upland habitat was being created to enhance the effectiveness 
of a planned undercrossing. WSDOT engineers believed they could 
further enhance the Gold Creek CEA’s effectiveness by reducing 
visibility and noise of the stormwater treatment facility and reducing 
noise from the maintenance facility by building a separation between 
the two areas. 

Plans originally called for using a wide grassy swale to treat 
stormwater from the maintenance facility and building of a tall berm 
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at the upland below the undercrossing to reduce light and noise. 
Engineers also planned for snow storage within the grassy swale. 

As designs progressed, however, resource agencies expressed 
concerns over the footprint of the Keechelus Lake bench design 
and its impact on the wetland. But because so many transportation 
facility design objectives and ecological objectives needed to be met 
at this one location, all parties had to compromise on design. To 
reach compromises, several organized meetings were held among 
engineers, technical committees, and resource agencies. In the end, 
WSDOT compromised for less snow storage space and a more 
compact stormwater BMP with higher maintenance requirements. 
The resource agencies compromised by allowing minor wetland and 
footprint impacts through a shorter, vegetated berm and reduced 
upland area versus the previous taller bench design. WSDOT will 
add vegetation (tall trees) to the shorter and smaller berm design to 
make up the reduced structure height (Figure 4). 

Further challenges arose when designing other stormwater treatment 
facilities for the I-90 project. Since the project corridor is constrained 
for most treatment options, media filter drains (MFDs) were selected 
and approved by Ecology as the most viable treatment option for 
use along the corridor. MFDs are linear flow-through stormwater 
treatment BMPs that can be placed along a highway shoulder for 
the treatment of sheet flow runoff generated from the highway pave- 
ment. MFDs remove suspended solids, phosphorus, and metals from 
highway runoff through physical straining, ion exchange, carbonate 
precipitation, and biofiltration. 

MEFDs as approved by Ecology, however, are not in line with USFS 
invasive species guidelines since they do not allow for vegetated 
plantings. Although WSDOT has engaged in a pilot program to 
test growing vegetation on MFDs elsewhere in the state, the pilot 
program is still underway and vegetated MFDs are still consid- 
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FIGURE 4 Near-shore habitat: conceptual plans for lowering the berm and vegetating it with tall trees to reduce noise 


and visibility of the stormwater treatment facility. 
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ered experimental. WSDOT sought and obtained approval for use 
of a vegetated MFD on Snoqualmie Pass in order to meet USFS 
objectives. 


ELIMINATING SCOUR ISSUES AT WOLFE 
CREEK CEA WHILE ENHANCING WILDLIFE 
AND AQUATIC MOBILITY 


The Wolfe Creek CEA is located between milepost 57.1 and mile- 
post 57.3. The forest habitat adjacent to this CEA is the Western 
Hemlock Series, grading into the Pacific Silver Fir Series at higher 
elevations. The creek has a very steep gradient and provides limited 
fish habitat, although Pacific giant salamanders and tailed frogs are 
relatively common (2). 

Currently, Wolfe Creek passes under I-90 in a 6-ft box culvert and 
empties into the east side of Keechelus Lake. The Mitigation Team 
recommended that WSDOT construct a 25-ft by 8-ft bottomless 
culvert westbound and a 20-ft by 10-ft bottomless culvert eastbound 
to meet the connectivity needs of wildlife and aquatic organisms, 
while passing flood flows and debris. This conceptual culvert would 
need to meet WDFW stream requirements for fish-bearing streams. 

As engineering designs progressed at this CEA, hydrologic analysis 
identified scour issues from the high-velocity, steep gradient stream 
that could undermine the culverts’ foundations and walls. WSDOT 
engineers considered using larger foundations for the bottomless 
culvert design, but the larger, deeper foundations were costlier and 
generated additional construction impacts to the creek banks and 
wetlands. Engineers also explored bridge options, versus a culvert, 
but foundation and cost issues proved formidable challenges. 

Design engineers, working with WDFW, developed an alternative 
that included a four-sided box culvert with a stream-simulated bottom. 
The stream-simulated bottom, a standard WSDOT practice, was 
designed deep enough to hold 4 ft of stream simulation material 
and maintain the 8 ft of clearance needed to meet mitigation team 
recommendations. WSDOT presented this design option to resource 
agencies, and after thorough review, the agencies agreed that the 
four-sided box culvert design would provide a high level of protection 
for the roadway against scour and still meet the connectivity objec- 
tives of restoring capacity for flood and debris flow, providing fish 
passage for the full range of lake elevations and providing aquatic 
organism connectivity. 


DESIGNING ROCKY RUN BRIDGES FOR 
CLEARANCE AND CONNECTING HABITAT 


The Rocky Run Creek CEA is located between milepost 56.7 and 
milepost 56.9, with the creek originating above 4,800 ft elevation at 
Lake Lillian. The forest habitat adjacent to this CEA is the Western 
Hemlock Series, grading into the Pacific Silver Fir Series at higher 
elevations. The creek flows into the east side of Keechelus Lake 
and has a fairly steep gradient, although several fish species use 
this system. 

The existing I-90 crossing over Rocky Run Creek is a 40-ft-long 
bridge eastbound and two 6-ft pipe culverts westbound. The Mitiga- 
tion Team recommended that WSDOT improve connectivity in this 
area by building twin 120-ft bridges to meet the needs of wildlife and 
aquatic organisms, while passing flood flows and debris (2). 
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The challenge for WSDOT engineers was to design the mitigation 
team—recommended bridges to optimize clearance beneath the 
bridges for openness of habitat while keeping the footprint of the 
highway small to avoid impacts to Keechelus Lake. WSDOT engineers 
wanted to achieve clearance of at least 16 ft for each Rocky Run bridge 
to account for snow pack. Varying topography and road profiles 
between the separated eastbound and westbound lanes at Rocky Run 
Creek, however, would not allow engineers to achieve the clearance 
needed without further elevating the road profile and increasing the 
highway footprint. Elevating the profile, however, would not meet 
design standards for design speeds and also presented safety consid- 
erations. To elevate the road profile, engineers would have to create 
a large crest in the road, creating visibility issues and impacting 
other resources by enlarging the footprint. 

WSDOT engineers decided to go back to the drawing board for the 
Rocky Run Creek bridge designs. Engineers first determined that 
the new I-90 road profile at Rocky Run Creek needed to be built at 
the same elevation for both eastbound and westbound lanes across the 
separated highway to minimize footprint. Engineers also determined 
that the only way to keep the consistent elevation levels across the 
bridges, while adding habitat benches under the bridges for connec- 
tivity purposes, was to compromise bridge clearance on the westbound 
structure. The resulting design called for a westbound bridge with 
reduced clearance and an eastbound bridge with greater clearance 
(Figure 5). The eastbound bridge was also lengthened to accommodate 
longer fill slopes and keep some habitat along the creek. 

WSDOT engineers successfully overcame design challenges at 
Rocky Run Creek with new designs that achieved the connectivity 
objectives of providing moderate-level connectivity for high- and 
low-mobility species associated with the mountain hemlock—subalpine 
fir species assemblage zone, restoring capacity for flood and debris 
flow at the crossing structure, and providing fish passage for the full 
range of lake elevations. 

After the best profile for the highway to meet clearance and foot- 
print objectives at Rocky Run Creek was identified, archeological 
and cultural conflicts arose with a USFS service road. By elevating 
the highway profile to create clearance at the creek bridges, the USFS 
service road adjacent to I-90 would become lower than the adjacent 
interstate, resulting in possible embankment encroachment. WSDOT 
proposed to raise the profile of the USFS service road to remedy 
the problem, but this would require WSDOT to disturb an adjacent 
property containing old growth trees and a structure eligible for the 
National Historic Register and State Historic Preservation Office 
resources. 


FIGURE 5 Rocky Run bridges: design visualization for 
Rocky Run CEA. 
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Because not many compromises were available to reduce the 
primary and secondary impacts of the situation, WSDOT engineers 
accepted that designing around this issue would require additional 
cost. WSDOT moved forward with plans to raise the profile of the 
USFS service road and reduce impacts to the historic property by 
adding a small system of precast concrete barrier to retain the existing 
slope. WSDOT also rerouted planned drainage systems in the area 
to lessen the impact near the historic site. 


CONSTRUCTABILITY AND FLOODPLAIN ISSUES 
OF RESORT CREEK CEA 


The Resort Creek CEA is located between milepost 59.3 and mile- 
post 59.7. The forest habitat adjacent to this CEA is the Western 
Hemlock Series, grading into Pacific Silver Fir Series at higher 
elevations. Currently, Resort Creek flows under I-90 in a 6-ft pipe 
culvert that is a barrier to fish passage and drains into Keechelus 
Lake (2). 

The mitigation team recommended that WSDOT install a series 
of bottomless culverts throughout the active channel-migration zone 
of Resort Creek. At least one of these culverts would have a mini- 
mum width of 30 ft and a minimum vertical clearance of 12 ft; the 
combined widths would span about 100 ft. These culverts would 
extend under both eastbound and westbound lanes, resulting in 
culvert lengths of about 150 ft. The series of culverts would allow 
the creek channel to shift location across the alluvial fan in response 
to sediment deposition and debris blockage. Culverts would be sized 
to meet WDFW stream simulation requirements for fish passage. 

As WSDOT engineers advanced this design, uncertainty emerged 
about Resort Creek actually meandering across the alluvial fan. 
Additionally, the costs to install a temporary shoring system in order 
to construct the bottomless culverts and maintain traffic through the 
construction zone were exorbitant. WSDOT engineers reformulated 
designs by replacing the culverts with a 180-ft-long bridge that not 
only provided a large opening across the floodplain for natural creek 
function, but also created a better wildlife crossing structure for 
aquatic and terrestrial species. 

WSDOT engineers presented this modified design to the IDT and 
Mitigation Team. The agencies agreed that this option achieved 
connectivity objectives (reducing wildlife—vehicle collisions, restoring 
capacity for flood and debris flow, providing fish passage, and 
restoring habitat and aquatic connectivity and channel migration) 
while meeting the additional objective of providing connectivity for 
large and small species. 


MOVING DESIGN PLANS FORWARD 
AND PREPARING FOR CONSTRUCTION 


After years of working with project partners and resource agencies 
to find viable solutions to competing objectives between transportation 
facility design and ecological connectivity, WSDOT engineers are 
finalizing the remaining design plans and preparing for construction of 
the second and third construction contracts. The funded 5-mi portion 
of the I-90 project from Hyak to Keechelus Dam has been broken 
into three construction contracts. Design and construction of the 
first construction contract (Phase 1A) are complete. Construction of 
Phase 1A began in July 2009 and was completed in November 2009. 
WSDOT built a long-term detour bridge at Gold Creek for use in the 
second construction contract of the project and mitigated for future 
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lake storage impacts to Keechelus Lake—an irrigation reservoir—by 
excavating approximately 260,000 yd? of material from the lakebed. 
WSDOT has committed to a no-net-loss agreement with U.S. Bureau 
of Reclamation to not affect lake storage capacity during construction 
of the I-90 project. 

WSDOT completed designs and permits for the second construction 
contract (Phase 1B) in fall 2009, with a November 2, 2009 contract 
advertisement date. This contract calls for replacing the deteriorated 
concrete pavement of the existing four lanes, adding a new lane in each 
direction, rebuilding bridges and culverts, stabilizing rock slopes, 
and extending chain up and off areas along the first 3 mi of the project. 
WSDOT expects to begin construction of Phase 1B in spring 2010. 

Engineering designs and permitting actions are still underway 
for the third construction contract (Phase 1C) that will cover the 
remaining 2 project miles. Phase IC calls for replacing deteriorated 
concrete pavement, adding a new lane in each direction, replacing 
the existing snowshed, addressing unstable slopes, and building new 
bridges. Phase 1C is expected to advertise to contractors in fall 2010, 
with construction scheduled to begin in spring 2011. All I-90 Hyak 
to Keechelus Dam Project improvements are scheduled for completion 
in 2015. 

To move the remaining Phase | design plans forward, engineers are 
finishing geotechnical drilling on the rock cliffs and lakebed along 
the I-90 project corridor. Drilling core samples will help identify 
structural needs for the snowshed and the potentially unstable slopes 
along the corridor that will require stabilization measures as the rock 
cuts are excavated. WSDOT will stabilize slopes with grouted steel 
bars that are designed in accordance with the structural geology and 
height of each rock cut. WSDOT and a consultant team of geologists 
are also conducting geophysical studies using downhole surveys 
for bedrock mapping to identify terrain conditions and design the 
highway realignment. 

Other work includes completing the structural designs for the 
remaining three CEAs, roadway drainage, and the new snowshed, 
which also includes mechanical system designs for illumination, 
ventilation, backup electrical generation, and intelligent transportation 
systems. Engineers are also finalizing construction schedules and 
other logistics for traffic control and staging. 

Preconstruction wildlife monitoring activities continue to move 
forward as well. As part of the I-90 project wildlife monitoring plan, 
WSDOT and its partners are evaluating the locations and rate of 
wildlife—vehicle collisions; assessing the use and effectiveness of 
wildlife crossing structures, both existing and planned; characterizing 
the locations and rate of at-grade highway crossings by wildlife; 
estimating species occurrence and distribution in the project area; 
assessing the effectiveness of fencing; and appraising the effective- 
ness of jump-outs (5). Methods being used to meet preconstruction 
objectives include assessing wildlife use of existing culverts and 
underpasses via remote cameras, documenting crossing rates via 
snow tracking, evaluating the distribution of various target species 
via both noninvasive survey methods and live capture, and docu- 
menting wildlife—vehicle collisions. In addition, specific projects to 
monitor low-mobility species such as fish, amphibians, and pikas 
have been initiated. 

Wildlife monitoring efforts will continue during and after con- 
struction of the I-90 project. The engineering team is working to 
ensure successful postconstruction monitoring efforts by integrating 
communication systems into the infrastructure of the highway. 
Engineers plan to install fiber optic communication cables at each 
CEA that will instantly transmit wildlife usage data, including images, 
to WSDOT for more efficient collection of information. Engineers 
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would also like to make the live feeds available for public viewing 
on the WSDOT website. 

The engineering team continues to test various prototypes of wildlife 
exclusionary fencing to find a design that will withstand winter 
weather conditions and maintenance operations and redirect wildlife 
away from the interstate and to crossing structures. Several prototypes 
have been tested over the last two winter seasons; engineers are 
hopeful to finalize fencing plans this year. 


CONTINUING COLLABORATION 
TO RESOLVE FUTURE ISSUES 


Open and honest communication and the desire to establish and 
engage in partnerships early on are what inevitably allowed WSDOT 
to develop consensus for a long-term vision for the I-90 corridor. 
By sharing ideas and being adaptive in designs and receptive to 
compromises, WSDOT and its partners have designed a project 
that will not only improve the safety and reliability of a vital 
cross-state corridor, but will also promote the continued health of 
the delicate ecosystems of the Central Cascades for generations 
to come. 
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WSDOT will continue to collaborate with project partners, stake- 
holders, and resource agencies to overcome challenges as they 
arise during construction and in future designs. While the remain- 
ing 10 project miles from Keechelus Dam to Easton remain unfunded 
at this time, WSDOT, along with its project partners, stand ready 
to deliver. 
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California-Denmark Study on 
Acoustic Aging of Road Pavements 


Hans Bendtsen, Erin Kohler, Qing Lu, and Bruce Rymer 


Knowledge of acoustic aging of road pavements is needed by road admin- 
istrators when developing policies and strategies for noise abatement. It 
is important to know how noise-reducing pavements, as well as pavements 
without such acoustic properties, perform over time. Methods such 
as the American traffic noise model method or the Nordic NORD2000 
method use acoustic aging for accuracy in predicting noise. Noise per- 
formance models for road pavements are necessary if noise is to be 
integrated as an active parameter in pavement management systems. 
This paper contributes to ongoing international development in the field 
of acoustic aging by performing a comprehensive analysis of results 
from four Californian and Danish long-time noise measurement studies 
on asphalt pavements. There is not much information on which changes 
in the surface structure cause an increase in noise in the period between 
when the bitumen film is worn off and when the pavement begins to 
deteriorate with distresses such as raveling, cracking, and so forth. This 
study analyzes and compares trends in the development of noise over 
time. The development of the noise spectra is also analyzed. The increase 
of noise has normally been analyzed in relation to the age of pavements. 
The traffic load and an artificial indicator, defined as the change of 
noise predicted as a combination of actual physical age and traffic load, 
are investigated. 


The purpose of this paper is to contribute to the ongoing international 
development in the field of acoustic aging of tire-pavement inter- 
actions by performing a comprehensive analysis of some Californian 
and Danish results from long-time noise measurement studies. The 
focus is on asphalt concrete pavements on highways. The paper is 
based on extracts of the results from the report “Acoustic Aging of 
Asphalt Pavements: A Californian/Danish Comparison” (/) with 
detailed documentation. 

An international literature survey has been conducted by Bendtsen 
et al. (7). Noise level generally increases as pavement ages. For 
porous pavement (built-in air void content of more than 15%), it is 
a known phenomenon that air voids tend to clog in some facilities 
and that this increases the noise generated from air pumping. But for 
other dense and open-graded (but not really porous) pavement types, 
there is not much information on which changes in the surface structure 
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cause this increase in noise in the period between when the bitumen 
film is worn off and when the pavement begins to deteriorate with 
distresses such as raveling, cracking, and so forth. 

The most common measurement methods used today for detailed 
analyses of road traffic noise are the wayside statistical pass-by method 
(SPB) (2), the “close to source” methods such as the onboard sound 
intensity method (3), and the close proximity method (4). This project 
(7) focuses on the trend in noise levels measured in the same way— 
the relative changes of noise over the years—and not on the actual 
noise levels. Therefore, it is not crucial if noise results have been 
measured by different methods. These factors might influence the 
actual noise levels and can complicate direct comparison, but when 
only trends are compared, these differences are not important. 

Two well-documented long-time noise measurement series 
from California and two from Denmark have been analyzed in this 
project (/). The results have already been documented in detail in 
separate national reports. The objective of the current report is to 
perform a comparison study of the trends for acoustic aging found 
in these four projects. In 2009 the University of California Pavement 
Research Center (UCPRC) finalized the third-year report on annual 
onboard sound intensity noise measurements on 65 to 76 pavement 
sections of different ages and mix types in California. Some results 
from this project are also included. The two Californian measure- 
ment series and the UCPRC study have all been carried out for the 
California Department of Transportation (Caltrans) and the two 
Danish measurement series have been carried out for the Danish Road 
Directorate. The following five measurement series are included: 


1. Open-graded asphalt concrete (OGAC) on I-80 near Davis, 
California (10 years), one pavement type (5); 

2. Five test sections with dense- and open-graded pavements on 
LA-138 in the Mojave Desert, California (5 years) (6); 

3. Sixty-five to 76 pavements in the UCPRC/Caltrans monitor- 
ing project (3 years and pavements in different age groups and of 
different mix types) (7); 

4. Three single-layer porous asphalt concrete (PAC), one dense- 
graded asphalt concrete (DGAC), and one OGAC pavements at 
Viskinge, Denmark (8 years) (8); and 

5. Five thin OGAC and one DGAC pavements at M10 (Solred) 
near Copenhagen, Denmark (5 years) (9). 


The pavements included in this project were grouped in the following 
four main types: 


1. DGAC: 

2. OGAC, including open-graded rubberized pavements (RAC-O); 
3. PAC; and 

. Thin asphalt layers (thin open) including different types of stone 
mastics asphalt pavements and an open-graded pavement, optimized 
for noise reduction. 
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Maximum SPB noise level for (a) passenger cars [reference speed 96 km/h (60 mph)! and (b) multiaxle 


vehicles [reference speed 88 km/h (55 mph)! for the DGAC pavement (7, 6). 


RESULTS FROM A CALIFORNIAN TEST SECTION 


This section presents some selected SPB results from the one of the 
Californian test sections carried out by Volpe Center for Acoustics. 
All the detailed results can be seen in Bendtsen et al. (/). Figures | 
and 2 show the results, including the frequency spectra from SPB noise 
measurements on a DGAC pavement. 

Figure | shows the development of noise for the DGAC pavement 
at the LA-138 test section. The noise increase fits well with a linear 
regression with residual standard errors of 0.1 and 0.2 dB (see Table 1). 
The yearly increase was 0.24 dB for passenger cars and 0.29 dB for 
multiaxle vehicles. As shown in Figure 2, the increases take place 
in the whole range of the frequency spectrum. 

Table | gives an overview of the noise trends for the four LA-138 
pavements. For passenger cars, the dense-graded OGAC30 pave- 
ment has the lowest increases of 0.20 dB/year. For the other three 
more open-graded pavements, the increases vary between 0.24 and 
0.40 dB/year. The increases for multiaxle vehicles are generally less 
than for passenger cars, with the DGAC pavement as an exception. 


RESULTS FROM A DANISH TEST SECTION 


This section presents some selected results from the one of the Danish 
test sections. All the detailed results can be seen in Bendtsen et al. (/). 
SPB noise measurements have been conducted over a period of 
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FIGURE 2 SPB noise spectra for passenger cars for DGAC 
pavement [reference speed 96 km/h (60 mph) (7, 6). 


8 to 9 years (8). The results are reported as Lag values and not Lamy, 
which is now common for SPB measurements. There is a linear cor- 
relation between Lag and Lama, for SPB traffic noise measurements 
(J0). One of the three porous pavements at the Viskinge test site 
is called PAC8 Type A. The development of noise can be seen in 
Figure 3. The yearly increase was 0.87 dB for passenger cars and 
0.37 dB for multiaxle vehicles. 

But in the Ist year a decrease of noise of 0.3 dB for passenger cars 
and 0.7 dB for multiaxle vehicles was observed. The frequency spec- 
tra for passenger cars in Figure 4 indicate what might be happening. 
This spectrum is significantly different from the spectra of the dense 
DGAC pavement. The noise decreased by 2 dB in the frequency 
range 800 to 1,000 Hz, which is important for the total A-weighted 
noise level. A new open porous pavement absorbs noise reflected on 
the pavement at frequencies typically below 1,000 Hz (engine noise) 
depending on the thickness of the porous layer. It seems like this 
absorption effect was improved over the I st year. However, at the same 
time, the noise over 1,250 Hz increased, indicating an increase in the 
noise from air pumping. This might be caused by postcompaction 
of the pavement. 

From the Ist to the 2nd year, the noise increased by 2 to 3 dB at 
frequencies above 1,000 Hz, indicating an increase in air pumping 
noise reflecting that the open pores of the pavement were beginning 
to clog. The noise also increased at 800 to 1,000 Hz, indicating that 
the noise absorption effect was reduced significantly. This is also an 
indication of clogging. In Year 7, heavy raveling was observed on 
this pavement. In this year there was a significant increase of around 
2 to 3 dB of low-frequency noise below 1,600 Hz. This reflects that 
the pavement has become rougher because of the raveling. The trends 


TABLE 1 Average Noise Increase per Year for Passenger Cars 
and Multiaxle Vehicles and Residual Standard Error for Four Test 
Pavements on LA-138 (7) 


Residual Residual 
Standard Standard 
Passenger Error Multiaxle Error 
Pavement Cars Passenger Vehicles Multiaxle 


DGAC 0.24 dB/year 0.1 dB 0.29 dB/year 0.2 dB 
OGAC75 0.31 dB/year 0.3 dB 0.10 dB/year 0.2 dB 
OGAC30 0.20 dB/year 0.2 dB 0.12 dB/year 0.2 dB 
RAC-O 0.40 dB/year 0.3 dB 0.36 dB/year 0.2 dB 


Note: Reference speed = 96 km/h (60 mph) for passenger cars and 88 km/h 
(55 mph) for multiaxle vehicles. 
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FIGURE 3 Noise level: (a) Lag SPB noise level for passenger cars and (b) 
pavement [reference speed 80 km/h (50 mph)! (7, 8). 


of spectra for multiaxle vehicles are generally the same as for passen- 
ger cars. The noise increases around 2 dB in the frequencies below 
1,600 Hz from Year 6 to Year 7 when raveling occurs. 

Table 2 gives an overview of the noise trends on the five Viskinge 
pavements. For passenger cars, the dense-graded DGAC12 pavement 
had the lowest increases of 0.40 dB/year, followed by the open-graded 
OGAC12 pavement with 0.51 dB/year. For the three porous pavements, 
the increases were around twice as high with 0.81 and 0.87 dB/year. 
The increases for multiaxle vehicles were generally around 50% of the 
increase for passenger cars, with the PAC8 Type B pavement as an 
exception; here the trend for multiaxle vehicles was only a fourth of 
the trend for passenger cars. 

The intention of the Viskinge experiment was to perform a “fast” 
life-cycle testing of porous pavements. For this reason the five 
pavements were deliberately built to break down faster than would 
normally be the case. Modifiers were not added to the bitumen. New 
Dutch results show that porous pavements built for long structural 
lifetime (with modified bitumen) can be constructed so they have a 
lifetime of around 11 years (//). The acoustic performance of the 
five pavements is “stretched” to a lifetime of 11 years by multiply- 
ing the yearly increases by 7/11. Table 3 shows the expected noise 
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FIGURE 4 The SPB spectra for passenger cars at different 
ages for PAC8 Type A pavement [reference speed 80 km/h 
(50 mphil (7, 8). 
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increases of new durable porous pavements with modified bitumen. 
The dense- and the open-graded asphalt concrete now for passenger 
cars gets a noise increase of 0.25 and 0.32 dB/year, respectively, 
and the porous pavements an increase of 0.52 to 0.55 dB/year. This 
stretching of the noise increases makes it possible to compare the 
results with the results from the other test sections included in this 
project (/) and will be used in the following analyses. 


ANALYSES 


Different parameters have been used to describe the increase of 
noise. The increase of noise is often expressed as decibels per year. 
Two main factors are considered to affect the changes on the noise 
properties of a pavement. One relates to the physical and chemical 
changes in the materials caused by the weather elements, and the other 
has to do with the wear and tear caused by traffic. It can be argued 
that the combined effects of both the physical age of a pavement 
and the wear and tear from traffic are determining the increase of 
noise. The age reflects an accumulated effect of changing weather 


conditions such as sun radiation, rain, ice freeze and thaw, and so 
forth. In order to try to define an indicator that combines these two 
very different factors (age and traffic load), two artificial indica- 
tors called “mixed indicator” (AL yyixso/so aNd ALyyix25/75) have been 


TABLE 2 Average Noise Increase per Year for Passenger Cars 
and Multiaxle Vehicles and Residual Standard Error for Five Test 


Pavements as Measured at Viskinge (7) 


Pavement 


DGAC12 
OGAC12 


PAC8 
Type A 

PAC8 
Type B 

PACI2 


Passenger 
Cars 


0.40 dB/year 
0.51 dB/year 
0.87 dB/year 


0.81 dB/year 


0.83 dB/year 


Residual 
Standard 
Error 
Passenger 
0.3 dB 
0.3 dB 
0.6 dB 


0.8 dB 


1.1 dB 


Note: Reference speed 80 km/h (50 mph). 


Multiaxle 
Vehicles 


0.21 dB/year 
0.27 dB/year 
0.37 dB/year 


0.20 dB/year 


0.44 dB/year 


Residual 
Standard 
Error 
Multiaxle 
0.5 dB 
0.2 dB 
0.6 dB 


0.9 dB 


0.8 dB 
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TABLE 3 Predicted Average Noise Increase per 
Year for Passenger Cars and Multiaxle Vehicles 
for Five Pavements Like the Viskinge Test Sections 
but Constructed for Long Structural Lifetime 

with Modified Bitumen, Assuming a Lifetime 

of 11 Years (7) 
Pavement 


Passenger Cars Multiaxle Vehicles 


DGACI2 0.25 dB/year 0.13 dB/year 
OGAC12 0.32 dB/year 0.17 dB/year 
PAC8 Type A 0.55 dB/year 0.24 dB/year 
PACS8 Type B 0.52 dB/year 0.13 dB/year 
PAC12 0.53 dB/year 0.28 dB/year 


Note: Reference speed 80 km/h (50 mph). 


defined (/). The noise increase has been analyzed for five different 
indicators: 


1. AL jy. The change in noise per year (actual physical age of the 
pavement in decibels); 

2. ALapr. The change in noise per | million vehicles (all types) 
passing per lane; 

3. ALyyy. The change in noise per 0.1 million heavy vehicles passing 
per lane; 

4. AL mixseso- AN artificial indicator of the change in noise predicted 
as a combination of actual physical age and traffic load, where the 
age counts for 50% and the traffic load counts for 50%, called 
“mixed indicator 50/50”; and 


1.4 
Californian I-80 LA138 
1.2 ———- 
ALAge 
1 
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5. AL mixos7s- An artificial indicator of the change in noise pre- 
dicted as a combination of actual physical age and traffic load, where 
the age counts for 25% and the traffic load counts for 75%, called 
“mixed indicator 25/75.” 


The results for three of these indicators are shown in Figures 5 to 7. 

Figure 5 shows an overview of the trends for noise increase per 
year for all the pavements included in the four test sites plus the 
California investigation. For passenger cars, the two Danish test 
roads (Viskinge and M10) generally have significantly higher yearly 
noise increases than the two Californian test roads (I-80 and LA-138). 
For multiaxle vehicles, the noise increases are not much different. 
Figure 6 shows the noise increase per | million vehicles (all types 
of vehicles) passing the test pavement. The noise increase per | million 
vehicles (ALapr) is calculated as follows: 


(AL,,. x 10°) 


AL yy = > 
\T (ADT x 365/N) 


() 


where ADT equals the average daily traffic and N equals the number 
of lanes. 

When traffic volume is taken into consideration instead of age, 
the ranking of the test sites changes significantly. The M10 sections 
with a high traffic load now have very low trends for noise increase, 
significantly lower than the LA-138 and Viskinge test sites. 

It is believed by the authors that the porous pavements at Viskinge 
should have a higher noise increase than the thin open pavements at 
the M10 test site because of the tendency of these porous pavements to 
clog. This tendency to clog, is not seen on the open, but not porous, 
thin layers. Therefore, it was decided to try out a model where the 
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Noise increase per year [dB/year] 


FIGURE 5 ALage noise increase per year of physical pavement age for all pavements in all four test sections 


for passenger cars and multiaxle vehicles (7). 
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FIGURE 6 ALapz noise increase per 1 million vehicles passing actual lane for all pavements in all four test sections 
for passenger cars and multiaxle vehicles (7). 
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FIGURE 7 AL yix25/75 Noise increase per mixed indicator for change of noise predicted as combination of physical age 
and traffic load where age counts for 25% and traffic load counts for 75% (7). 
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TABLE 4 Average Noise Increase for Passenger Cars 
for Four Pavement Groups Expressed as Three Indicators: 
AL nage, ALaot, and ALwixas/7s (7) 


Pavement AL Age ALapr ALwixosis 
Type [{dB/year] [dB/1 mil vehicles] [dB/mix] 
All average 0.58 0.28 0.32 
DGAC 0.40 0.21 0.26 
OGAC 0.41 0.26 0.30 
Thin open 0.84 0.24 0.39 
PAC 0.53 0.42 0.45 


Note: mil = million. 


physical age counts for just 25%, and the traffic volume for 75%, of 
the noise increase. The AL yyix25/75 indicator is calculated as follows: 


AL ings = AL ggg X 0.254 AL eye X 0.75 (2) 


Figure 7 shows the mixed indicator ALpixo5/75 for all 17 pavements. 
With AL nixos7s, the ranking of the LA-138, Viskinge, and M10 test 
sections is changed. The porous pavements at Viskinge now generally 
have a higher noise increase than the thin layers at M10. 

In Tables 4 and 5 the average results for each pavement group 
are predicted and compared. The average noise increase per year for 
passenger cars (AL,,.) is 0.58 dB. The DGAC pavements have the 
lowest increase, 0.40 dB/year, followed by OGAC with 0.41 dB/year. 
The two pavement types with the highest increases are the PAC and 
the thin open pavements, with 0.53 and 0.84 dB/year, respectively. 

When the traffic volume (AL apr) instead of AL». is used as an 
indicator for noise increase, the ranking of the pavement types changes 
significantly. The average ALis2575 for passenger cars is 0.32 dB. 
The ALis2s/75 indicator ranks the four pavement types in the follow- 
ing way. DGAC has the lowest increase of 0.26 dB, followed by 
OGAC with 0.30 dB and thin open pavements with an increase of 
0.39 dB. The porous pavements have the highest increase of 0.45 dB 
using the AL yix2575 Indicator. 


CONCLUSIONS AND RECOMMENDATIONS 


The following conclusions and recommendations for highways are 
indicated: 


© The noise level on asphalt pavements normally increases with 
time. 

e The increases occur continuously and before significant pavement 
deterioration with raveling and cracking begins. 


TABLE 5 Average Noise Increase for Multiaxle 
Heavy Vehicles for Four Pavement Groups Expressed 
as Three Indicators: ALjge, ALgor, and AL wixesys (7) 


Pavement Abas AL apr ALyjix2s75 
Type [dB/year] [dB/1 mil vehicles] [dB/mix] 
All average 0.27 0.15 0.18 
DGAC 0.23 0.17 0.19 
OGAC 0.12 0.11 0.11 
Thin open 0.44 0.16 0.23 
PAC 0.22 0.17 0.18 
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e There are exceptions where the noise is reduced over the first 
year of porous pavement lifetime. 

e A linear regression gives a good fit. This was also seen in the 
European SILENCE study (//). 

© The yearly noise increase is generally around two times higher 
for passenger cars than for heavy vehicles. 

© There is aneed for further research to determine which changes 
in the pavement surface structure cause the noise increase. Detailed 
analyses of pavement structure and noise spectra might be beneficial. 

e More long-time measurement series are needed. 

e It is important to follow existing experimental road pavement 
test sections. 


Spectral analyses have been performed (/). The following very general 
tendencies are observed for the four pavement types: 


° For DGAC, the higher-frequency air pumping noise increases 
in the first years, indicating that the pavement surface becomes 
denser (after compaction). After some years there is also an increase 
in the lower frequencies below 1,600 Hz, indicating that the pave- 
ment surface becomes rougher with an increase in the tire vibration 
noise. 

© For OGAC, the tendencies for the different pavements included 
in the investigation are not very clear. For some of the pavements, 
there is a tendency that the higher-frequency air pumping noise 
increases in the first years, indicating that the pavement surface 
becomes denser (after compaction), and after some years there is 
also an increase in the lower frequencies below 1,600 Hz, indicating 
that the pavement surface becomes rougher with an increase in the 
tire vibration noise. But for some of the pavement, the increase at 
the lower frequencies happened before the increase at the higher 
frequencies. 

° For the thin open pavements, the noise increases at the same 
time both at the lower and at the higher frequencies. This indicates 
that the pavement surface becomes rougher with an increase in the 
tire vibration noise and that the pavement surface becomes denser, 
causing increased higher-frequency air pumping noise. 

e For PAC, the engine noise absorption effect at frequencies 
between 400 and 1,000 Hz is significantly reduced in the first 2 years. 
In the second year, clogging begins, and this increases the higher- 
frequency noise over 1,000 Hz because of increased generation 
of air pumping noise. As the porous pavements age, there is an 
increase in the low-frequency noise (under 1,600 Hz), indicating 
increased tire vibration noise caused by a rougher pavement surface 
structure. 

® When heavy raveling occurs, tire vibration-generated low- 
frequency noise less than | 600 Hz increases for all pavement types. 
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Acoustic Radiation from Pavement Joint 
Grooves Between Concrete Slabs 


Paul R. Donavan 


Sound generation and radiation from grooves in the joints between 
concrete slabs were modeled using relationships previously established 
for tire groove resonances and groove air pumping. Resonant behavior 
was clearly established from both in-lab and on-road onboard sound 
pressure level data. The strength of the noise source was found to be 
proportional to 20 times the logarithm of the groove cross-sectional 
area. This relationship, along with the accounting of residual texture 
background noise, was found to replicate that measured in laboratory 
testing. The model was then calibrated with the laboratory results and 
extended in speed range with a theoretical calculation of the sound radi- 
ation from the end of the joint groove. The predicted level produced by an 
isolated joint of specified dimension was then used to model the average 
sound intensity level for a pavement with a user-specified distance between 
joints, vehicle speed, and pavement texture-generated noise level. For 
smaller groove cross-sectional areas (~0.25 in.’), the contribution of 
joint grooves was on the order of 1 dB for quieter pavement textures. 
For larger cross-sectional areas, such as a groove width of % in. and 
depth of 1 in., the contribution increased to almost 3 dB. 


Impulsive noise associated with the passage of the tires over the joints 
in portland cement concrete (PCC) pavement has been reported 
by researchers and in recent literature (/). Examples of the impulses 
are shown in Figure | for two different PCC highway surfaces in 
California, an older longitudinally textured pavement (I-80) and 
new longitudinally broomed textured pavement (Mojave SR-58). 
In this figure, the impulses, beginning at about 0.004 s, are clearly 
higher than the residual sound pressure occurring after 0.010 s due 
to the pavement texture only. Depending somewhat on the pavement, 
the impulse persists for about 0.005 s and, particularly for the I-80 
example, the time histories display “ringing” or oscillatory resonant 
behavior that decays with time. The ringing occurs with about the 
same repetition rate (0.001 s) for both cases, at least through the 
first three oscillations. Also, in both cases, the initial pressure rise 
is Slightly less in absolute amplitude than the second peak as well 
as the negative peak in the impulse. Another indication of a resonant 
phenomenon is the observation that the period of oscillation is 
not affected by vehicle speed, as shown in Figure 2 for the broom 
texture surface. 

The American Concrete Paving Association recently sponsored 
research at Purdue University to study the generation of noise by 
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PCC joints (2). This work utilized the tire-pavement test apparatus 
(TPTA) to measure the effect of different joint parameters in carefully 
controlled laboratory conditions. The effects of joint width and joint 
depth were evaluated along with the effect of pavement slab offset. 
A typical time trace for passage over a joint is provided in Figure 3 
for a case in which no slab offset is present and the groove is % in. 
(9.5 mm) wide and | in. (25.4 mm) deep for a test speed of 30 mph 
(48 km/h). A comparison of this trace to that in Figure | reveals 
several similarities. As in the previous case, the trace of Figure 3 
indicates an oscillatory behavior with approximately the same rep- 
etition rate of 0.001 s. The TPTA case also decays with time and the 
initial positive pressure rise is slightly less than the negative peak or 
second positive peak. The higher levels associated with the event, 
however, last about twice as long as they do for the 60 mph (97 km/h) 
case of Figure 1, about 0.01 s at 30 mph versus 0.005 s at 60 mph. 
Given a tire footprint length of about 5.3 in. (135 mm), these times 
correspond approximately to the time duration that the tire is actually 
covering the joint. 

In this paper, a model of sound generation caused by the passage 
of a tire over a PCC joint is developed and some the indicated trends 
are presented. In doing this, the results from the Purdue University 
study are used to validate the theoretical trends documented and to 
calibrate the model for noise prediction. This work also draws on 
research work that was completed at the General Motors Research 
Laboratories in the late 1970s and early 1980s that considered sound 
generation and radiation from grooves in tires (3, 4). 


MODEL DEVELOPMENT 


The physics of the model is illustrated in Figure 4. Simply stated, 
the tire rolls over the joint squeezing air out of the channel and forms 
an “organ pipe” open at two ends. The sound radiation is produced 
by the initial pumping of air out of the groove and is maintained by 
organ pipe resonances that persist until the tire lifts off of the joint. 
The corresponding mechanisms for grooves in tires operating on 
uniform pavement have been documented for both longitudinal 
(circumferential) (4) and lateral (3) grooves. Model development 
involves three steps: accounting for the groove resonances, deter- 
mining the source strength of air displacement, and calibrating 
the model. 


Groove Resonance 


With regard to sound radiation and resonate behavior, the circum- 
ferentially ribbed tire (Figure 5) is directly analogous to the PCC 
joint problem (4). In both cases, the organ pipes formed are open on 
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FIGURE 1 Joint slap for two different California PCC pavements: sound pressure versus time. 


both ends. When the cross-sectional dimensions of the pipe are small For an ideal pipe, the sound pressure at the ends of the pipe is zero 
compared to an acoustic wavelength, the resonances or standing and, for the first mode, a maximum in pressure occurs in the middle 
waves in the pipes occur at specific frequencies defined by of the pipe. For higher modes, pressure alternates from being at a 


maximum at the center pipe to being zero at the center. In the ideal 
case, the acoustic particle velocity is exactly 90° out of phase with 


fg 
nt ¢ , F , : 
is wie n=1,2,3,... (1) the pressure producing maximum levels at the exits to the pipe. In 
(2 ss L) real cases, such as for tire-pavement noise, the terminations of the 
pipe are not ideal and not well defined. For the case of circumferential 
where straight ribs, an effective pipe length is given by 


J, = frequency of the nth mode, 


L = length of the organ pipe, and Le L4+2%| 0:68 Ss is (2) 
c = speed of sound. as T 
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FIGURE 2 Joint slap for Mojave Bypass pavement at 60 and 45 mph. 
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FIGURE 3 Joint slap recorded on the Purdue TPTA at 30 mph (2). 
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where Ly; is the effective pipe length and s is the cross-sectional 
area of the pipe. This effective pipe length has been found to provide 
reasonable agreement with experimental results and the behavior 
has been shown to vanish when the grooves are filled with light- 
weight foam (Figure 6) (4). For the two tires used in the Purdue 
study (P205/70R15 Uniroyal Tiger Paw and Goodyear Aquatred 3), 
the width of the contact patch is approximately 5.5 in. and 6.1 in. 
(140 and 155 mm), respectively. For the Aquatred, this leads to an 
effective length of 0.166 m. As a result, the frequencies of the first 
four modes are f, = 1,039 Hz, fs = 2,078 Hz, fs = 3,117 Hz, and 


ff; = 4,156 Hz. It will be noted from the expression for f,, that when 


the cross-sectional area of the pipe (or groove) is small compared 
with the length L, as in this case, the resonant frequency is determined 
only by the width of the tire contact patch. As a result, only small 
differences in the resonant frequencies would occur for changes in 
the width and depth of the groove. This implies that for a given tire, 
the resonant frequencies would be essentially the same independent 
of the joint geometry. This is partially confirmed by the time traces 
of Figures | and 3, which correspond to joint widths of approximately 
%, %, and ¥ in. for the I-80, Purdue, and Mojave joints, respectively. 
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FIGURE 4 Illustration of envelopment of pavement groove, related geometry, and noise mechanism from side 


and through cross section. 


FIGURE 5 Photograph and contact patch of straight-ribbed HCR 
truck tire (4). 


In the Purdue investigations, it was also noted that the shape of the 
frequency spectra did not shift with joint dimension or tire passage 
velocity (5). 

A comparison of the sound generation and radiation between 
circumferential rib tire and transverse joint in the PCC pavement 
shows that some differences do exist in the source of the excitation 
of the “organ pipes.” For the rib tire, the relative flow through the 
tube due to the rolling tire does not produce acoustic excitation 
because the process is continuous. For this tire, the excitation is 
supplied by vibration of the tire tread forming three of the sidewalls 
of the tube. This vibration is induced by pavement roughness and, 
to a lesser degree, by shear stresses produced in the rolling tire (6). 
For the pavement joint, the initial excitation is created by abrupt 
volume change as the tire seals against the pavement groove. This 
excitation process is analogous to that produced by a transverse 
groove in a tire, typically called tread pattern “air pumping” (3). 
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Although the excitation mechanism is similar between the transverse 
joint and the transverse tread element, the resonance characteristic 
is different because the tread element pipe is closed on one end and 
open on the other. This has the effect of eliminating the even number 
modes from Equation 1. The boundary condition is that at the closed 
end of the tube the acoustic velocity must be zero and pressure must 
be at a maximum. When this condition is applied to the pressure mode 
shapes for tread groove, only the first and third modes meet this 
requirement for closed tube equal in length to L/2 (i.e., maximum 
pressure at center of length L). When source strength is analyzed by 
forcing air out of the groove, the source strength of the closed-end 
tube of length L/2 is identical to that of the open tube of length L 
because of symmetry. 


Source Strength Analysis 


The driving force for the source strength of both the tire and pave- 
ment groove is the change in volume as the air is expelled from the 
groove. This change in volume results in air motion at the open end 
of the tube, which in turn results in an acoustic pressure pulse. The 
pressure at some distance r alongside the tire can be expressed as (3) 


P(r, )=(L]+pevs we( Sr) (3) 


where 


p = density of air, 
D and W = depth and width as defined in Figure 4, and 
Vv, = acoustic velocity at the end of the tube. 


For the groove, the variables of importance are the groove dimen- 
sions D and W and the rate of change of the velocity at the end of 
the tube. For fixed dv,/dt, the pressure is directly proportional to the 
cross-sectional area of the groove. By using this expression, the 
relative effect of the increasing groove width and depth can readily 
be determined as 


SPL ~ 20 * Log| p(r,1)] 20 * Log(D * W) (4) 


where SPL is the relative sound pressure level. With this relationship, 
relative SPL as a function of either groove width or depth can be 
plotted for different values of each. With this simple expression and 
the addition of a background noise corresponding to that of the TPTA, 
the results from the Purdue study were approximately matched. 
In the TPTA results, the increase in level for a “4-in.-wide, 1-in.-deep 
groove to a |-in.-wide groove was on average 8.4 dB with a standard 
deviation of 1.5 dB (2). The modeled result using Equation 4 with 
the TPTA texture background noise of 91 dB(A) was 8.9 dB. 

The other feature of Equation 3 is the dependence on the air 
velocity time derivative at the exit of the groove. This velocity is 
directly related to the rate of change of air volume in the groove. 
This rate of change is also a function of how rapidly the tire envelops 
the groove. The transfer function that relates volume change to v, 
is also dependent on frequency corresponding to the modes of the 
groove. To examine this transfer function, the instantaneous air 
volume (g[f]) in the initial open groove is considered. The rate of 
change of this quantity then has a relationship to the rate of change 
of the air particle velocity at the open end of the tube. This relation- 
ship can be expressed in the frequency domain through the Fourier 
transform, Q(@) = S[g(4)], where © is the angular frequency, = 21/f- 
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Similarly, the particle velocity at L is given as V,(@) = S[v,(a)]. 
These two quantities are related to each other through a complex 
transfer function, 7\(@): 


V, (@)=7,(@) * O(o) (5) 


It can be shown that the expression for 7\(@) is given by 


I , 
ey ok ,) 


j=1,2,3,...toco (6) 


(2) with w; given by Equation 1, 7 indicating an imaginary number 
(=V- 1) and 


R 


where R is the flow resistance taken as 366 Ns/m* for air in the tube. 
With the effective tube length defined by the tire contact patch width, 
the magnitude of the transfer function 7\(@) is provided in Figure 7. 
From this figure, it is shown that the modal structure cited in regard 
to Equations | and 2 is retained. 

The sound pressure at r alongside the tire as defined by Equation 3 
can also be expressed as its Fourier transform, P(r, @). This sound 
pressure is then related to the air velocity at the end of the tube by 


P(r,0)=V,(@)*7,(@) = 7,(0)* O(0)*7,(0) (8) 


where the transfer function between the acoustic velocity and pressure 
is given by 


E, (w) =i * pi DW * (=) ok er rnl2 (9) 
Tr 
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The magnitude of this transfer function is also plotted in Figure 7 and 
is seen to increase monotonically with frequency. 

With 7\(@) and 7>(@) defined, the sound pressure can be solved 
if Q(@) is known. Following the case of the transverse groove, the 
shape of the volume change pulse for the groove in the pavement 
application is taken to be of the form 


a(t)=(5¥ aes l—cos 2ene | forT>tr20 
V 2 T 


q(t) =0 for all other ¢ (10) 


where 


V = volume of the groove, 
AV = change in volume, and 
T = duration of the volume change. 


The shape of this function is plotted in Figure 8 starting at time 
t = 0. The full duration of this plot shows the amount of time 
(0.005 s) that the tire contact patch remains over the groove at 
60 mph for the Aquatred tire. For comparison, the volume velocity 
corresponding to 30 mph is also shown in Figure 8. In this case, 
the maximum amplitude is reduced by half so the total volume 
displacement remains equal between the two speeds. The Fourier 
transform of Equation 10 was taken and values of T equal to 0.00047, 
0.00071 and 0.00095 s were used to calculate O(a) for 60, 45, and 
30 mph, respectively, corresponding to a /“-in. groove width. The 
magnitude of the results of these calculations is shown in Figure 9. 
These results show that for the slower speed, the volume velocity 
varies more with frequency (i.e., not as “flat”), up to several thousand 
Hertz, as would be expected for the longer event duration. The 
magnitude of P(@) can now be calculated using the already deter- 
mined transfer functions, 7,(@) and T,(@), and is shown in Figure 10 
for the speeds of 60, 45, and 30 mph. In these plots, it is apparent 
how the slower tire speeds reduce the levels at frequencies above 
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FIGURE 7 Magnitude of transfer functions between volume change and air velocity 
at opening of groove, 7,(w), and transfer function between air velocity and sound 
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FIGURE 8 Assumed shape of volume velocity pulse as groove is enveloped 


at 60 and 30 mph. 


1,500 Hz. At the resonant peak of the first mode (~1,000 Hz), a 
reduction of about 4 dB can be seen between the speeds of 60 and 
30 mph. These plots also reinforce the earlier observation that, at 
least for the lower tube mode, the frequency peak of the radiated 
sound is independent of vehicle speed. 


Level Calibration 


The results of Figure 10 are relative because the absolute magnitude 
of g(t) is not known. However, using the results of the Purdue 
research, the model can be calibrated if the sound produced by a 
slap is isolated for one or more groove geometries. In the Purdue 
work, the sound pressure levels for a variety of the joint geometries 


are reported as measured over a 0.08-s window (see Figure 3). 
This window includes energy from both the groove response and 
the residual level of the TPTA surface texture. To isolate the groove 
response, this residual level needs to be removed and energy 
remaining in the pulse quantified. The Purdue data were reported 
at speeds of 10, 15, 20, 25, and 30 mph for groove depths of | in., 
“%in., and % in. and groove widths of | in., “4 in., %oin., and / in. 
These results were curve-fit as a function of groove width at each 
speed and the zero width intercept was used as residual level. The 
residual as a function of speed was then subtracted on an energy 
basis from the results with the various groove cases to extract the 
isolated groove response for each of the geometries. Due to the 
low groove response levels at the 4-in. depth relative to the residual 
texture noise, only the cases for the |-in. and /-in. depth were used. 
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FIGURE 9 Calculated relative magnitude of groove volume velocity pulse as function 
of frequency for assumed pulse shape at 60, 45, and 30 mph. 
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FIGURE 10 Calculated relative magnitude of the acoustic pressure at open end 
of pavement groove as function of frequency 60, 45, and 30 mph. 


These data were then fit to those predicted by the model for the 
appropriate geometry for a speed of 30 mph corresponding to the 
same speed calculated in Figure 10. 

The results of Figure 10 were used to extend the calibration to 
higher speeds. The differences between the speeds in narrow band 
levels were summed into one-third octave bands and applied to a 
Mojave burlap drag spectrum. The difference in overall A-weighting 
was determined and found to be 4.9 dB going from 30 to 60 mph 
and 1.9 dB going from 45 to 60 mph. As a final step in isolating the 
pulse, the duration of the groove response relative to the 0.08-s time 
window needs to be taken into account. The differences cited above 
reflect equal energy summed over the 0.08-s period (see Figure 8). 
To determine the root mean square level of the pulse, the energy must 
be divided by the duration of the pulse. In going from 30 to 60 mph, 
the energy of the pulse (the sum of the p* values) is the same. 
However, the time period of the summation is half as long at 60 mph 
than at 30 mph. This results in a ratio of the inverse time periods 
of 0.010/0.005, which amounts to a 3-dB correction relative to the 
analysis period of 0.08 s. For 45 mph relative to 30 mph, this amounts 
to 1.2 dB. Including this correction and the earlier adjustment arising 
from Figure 10, the total difference between 30 and 60 mph is 7.9 dB, 
and 4.8 dB for 30 to 45 mph. Fitting these results to a logarithmic 
function with speed, it is found that the relationship of groove 
response with tire operating speed of S is 26.5*Log9(S). Given this 
relationship and that of Equation 4, the sound level of the groove 
response can be calculated at any speed and groove geometry by 
using the calibrated level of 99.2 dB(A) at a speed of 30 mph for a 
|-in.-wide and |-in.-deep reference groove. 


MODEL DESCRIPTION AND RESULTS 


With the model calibrated in the manner discussed above, the sound 
pressure level produced at a chosen speed can be calculated for 
varying groove geometries. The results of such calculations are 
shown in Figure | 1 for a tire operating speed of 60 mph. As expected 


from Equation 4, this shows the trend that as the groove dimensions 
increase, the sound level also increases. 

To apply this model to an actual pavement and calculate the 
overall time average level, two further parameters are needed. First 
is the repetition rate of the slaps, which can be determined by the 
joint spacing and the tire operating speed. The repetition rate in slaps 
per second is then multiplied by the energy of one pulse and the 
length of the reference time window, 0.08 s, to obtain the average level 
contribution of the joint grooves. Second is the residual texture noise 
level of the pavement. The noise level of the pavement is typically 
measured using the onboard sound intensity (OBSI) in the United 
States. For use with these data, the sound intensity level of the groove 
response is taken to be equal to the sound pressure level in this case 
as the model corresponds to a compact noise source and free-field 
propagation. The overall level for a pavement is energy sum of 
the groove contribution and the texture-generated noise level. An 
example of this is given in Figure 12 for a case where the joint spacing 
is 13 ft, the vehicle speed is 60 mph, and the residual pavement texture 
OBST level is 99.0 dB(A), corresponding to a typical, quieter burlap 
drag or ground PCC textured pavement. In this case, the joint groove 
adds about | dB to the overall level when the groove cross-sectional 
area reaches 0.25 in.’, or for a groove dimension of % in. deep by 
“in. wide. The model can also be used in the reverse calculation. 
If the overall OBST is known along with the joint parameters, the 
residual texture level could be calculated. 

The results shown in Figure 12 can be used to give some direction 
in efforts to reduce the contribution of PCC joint slap to overall levels. 
If groove width is limited to % in., even for relatively low noise 
texture, the contribution of the joint groove to overall level will be 
negligible for depths up to at least 1 in. If filled with sealer to within 
% in. of the pavement surface, the contribution of joint grooves can 
also be made negligible. As an example, for a |-in.-deep by 4-in.-wide 
groove filled to within % in. of the pavement surface, the overall 
level would be reduced by about 2% dB given the assumed texture 
level of 99.0 dB(A). It should be noted that for higher texture levels, 
the contribution of the joint grooves will diminish somewhat. For 
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example, if the conditions of Figure |2 are compared to pavement with 
aresidual of 103 dB(A) and a joint groove % in. deep by % in. wide is 
used, the contribution of the joint to the overall level would decrease 
to 0.4 dB for noisier texture from 0.9 dB for the quieter texture. 

In considering the results of this model, it should be realized that 
the source levels do not include the effect of any offset or “faulting” 
of the concrete slabs. According to the research work done at Purdue, 
this effect can be quite significant (2). At 30 mph, it was reported 
that the level offset alone produced increases in sound pressure level 
of about | dB per 0.025 in. of step height. Because of this effect of 
slab offset, field validation of the groove effects model is problematic 
unless it is verified that offsets do not exist. However, the results of 
the model are consistent with those obtained on the Mojave Bypass 
for the contribution of joint slap for longitudinally tined, burlap drag, 
broomed texture surfaces (7). In that research, the contribution of 


joints was determined by trigging a 0.08-s analysis window such 
that the joint was included and then excluded. The difference in 
these levels produced isolated level of the joints. These derived joint 
levels were found not to be dependent on the pavement texture as 
would be predicted by the model. 


CONCLUSIONS 


Grooves between PCC pavement slabs can contribute to the total 
measured noise level, particularly when the noise levels generated 
by the pavement texture are relatively low. The radiation of sound 
from the grooves demonstrates the same resonant behavior as that 
associated with longitudinal, circumferential grooves in tires and 
transversely oriented grooves in the tire tread patterns. Drawing upon 
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FIGURE 12 Model results of overall pavement OBS! level for joints spaced 
13 ft apart, vehicle speed of 60 mph, and pavement texture OBS! level 
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these cases, the sound radiation from the transverse grooves present 
between concrete slabs can be modeled and compared to laboratory 
and road data. The source strength of the groove radiation is propor- 
tional to 20 times the logarithm of the cross-sectional area. By con- 
sidering residual noise introduced by the pavement texture, laboratory 
trends are readily duplicated. Once calibrated for the level produced 
by single, isolated groove response, the model results can be applied 
in situations representative of actual highway pavement for deter- 
mining the contribution of joint grooves to overall pavement noise 
level. This contribution can be made negligible by minimizing the 
cross-section area of the groove. 
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Quantitative Assessment of 
Environmental and Economic Benefits 
of Recycled Materials in Highway 


Construction 


Jin Cheol Lee, Tuncer B. Edil, James M. Tinjum, and Craig H. Benson 


The benefits of using recycled materials in highway pavements was 
assessed quantitatively by conducting life-cycle analysis and life-cycle 
cost analysis on pavements consisting of conventional and recycled 
materials for a highway construction project in Wisconsin. Results 
of the analysis indicate that using recycled materials in the base and 
subbase layers of a pavement can result in reductions in global warming 
potential (20%), energy consumption (16%), water consumption (11%), 
and hazardous waste generation (11%) while also extending the service 
life of the pavement. In addition, using recycled materials in the base and 
subbase layers can result in a life-cycle cost savings of 21%. The savings 
are even greater if landfill avoidance costs are considered for the recycled 
materials incorporated in the pavement. Extrapolation of the benefits to 
conditions nationwide indicates that modest changes in pavement design 
to incorporate recycled materials can contribute substantially to the 
emission reductions required to stabilize greenhouse gas emissions at 
current levels. 


New construction and rehabilitation of the roadway system in the 
United States occurs continuously to meet the nation’s transportation 
needs. These activities consume large amounts of natural materials 
and energy, produce wastes, and generate greenhouse gas emissions 
(/, 2). Thus any regional or national sustainability plan in the United 
States must account for roadway construction and rehabilitation. 

A sustainable approach to material consumption begins with design 
and planning that reuses and incorporates suitable by-products that 
would otherwise be disposed. Ideally, products can be designed so 
that recycling and reuse occur at all stages of the life-cycle, resulting 
in limited waste generation. For road construction, Gambatese and 
Rajendran (/) and Kibert (3) show that reuse and recycling can sig- 
nificantly contribute to more sustainable road construction practices. 
However, lack of comparative analysis methods, examples, and 
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protocols for actual construction projects hinders the ability to quantify 
tangible environmental and economic benefits that can be achieved 
through reuse and recycling in pavement design and construction. 

Carpenter et al. (4) illustrate how a life-cycle assessment (LCA) 
approach can be used to quantify the environmental impacts of using 
recycled materials in lieu of conventional construction materials and 
remark on the economic benefit that can be accrued using recycled 
materials in roadway construction. However, their analysis does not 
include rehabilitation activities, which are some of the most energy- 
intensive phases in the roadway life cycle. They also do not quantify 
the economic benefits from using recycled materials. In the context of 
sustainability, direct comparisons of the life-cycle cost using recycled 
materials instead of conventional materials are important. 

In this study, comparative environmental and economic life-cycle 
analyses were conducted to quantify the environmental and economic 
benefits that could be accrued by using recycled materials when 
constructing a 4.7-km-long section of the Burlington Bypass in 
southeastern Wisconsin. Rehabilitation activities were explicitly 
included in the life-cycle analysis using the international roughness 
index (IRI) as a metric to define when rehabilitation would be required, 
as suggested by FHWA (5). The benefits illustrated in this quantita- 
tive analysis are expected to encourage wider adoption of recycled 
materials in roadway construction and rehabilitation. 


EVALUATION OF THE BURLINGTON BYPASS 


A comparative life-cycle analysis was conducted for construction 
of a section of Wisconsin State Highway 36/83 near Burlington, 
Wisconsin (the Burlington Bypass), assuming that the pavement 
would be constructed with conventional or recycled materials. The 
Burlington Bypass consists of 17.7 km of highway that routes traffic 
on WIS-11 and WIS-36/83 around the City of Burlington, Wisconsin. 
The bypass is intended to improve safety, reduce delays, and to 
provide an efficient travel pattern that reduces truck traffic in the 
downtown area of the city of Burlington (6). The western portion of 
the bypass is being constructed between spring 2008 and fall 2010. 
A 4.7-km-long section of the western portion of the bypass was 
analyzed in this study. 

A flowchart for the evaluation procedure is shown in Figure 1. 
The steps include creating pavement designs using conventional and 
recycled materials, predicting the service life of each design, iden- 
tifying rehabilitation strategies, and conducting LCA and life-cycle 
cost analysis (LCCA). LCCA is a financial-based decision-making 
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Identify/design reference 
(conventional-materials) and 
alternative (recycled materials) 
pavement structures 


Predict service life for each design 
using pavement design/analysis tool 
(e.g., MEPDG) 


Material 
properties 


Traffic 
data 


Setup rehabilitation strategy 


LCA eg 
ee 


FIGURE 1 Flowchart for comparative life-cycle analysis 
of conventional and alternative pavement designs. 
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tool for long-term assessment of construction projects that can be used 
to systematically determine costs attributable to each alternative 
course of action over a life-cycle period and to make economic 
comparisons between competing designs (7, 8). 

Environmental analysis of the conventional and alternative pave- 
ments was conducted with LCA. Four environmental variables 
were considered in the assessment: energy consumption, greenhouse 
gas emissions, water consumption, and generation of hazardous 
wastes, as defined by the U.S. Resource Conservation and Recovery 
Act (RCRA). 

The two potential pavement designs considered in the analysis are 
shown in Figure 2, a conventional pavement design proposed by the 
Wisconsin Department of Transportation (WisDOT) and an alter- 
native pavement design employing recycled pavement material 
stabilized with fly ash as the base course and foundry sand as the 
subbase. Recycled materials can also be used in hot-mix asphalt 
(HMA) and in other elements in the right-of-way (e.g., pipes, guide 
rails, barriers, etc.); in this study, however, recycled materials were 
only used in the base and subbase layers of the pavement. 

The same layer thicknesses were used in the conventional and 
alternative designs and the structural capacity of both pavements 
was determined using the same procedure. However, the recycled 
materials have different engineering properties than the conventional 
materials, which resulted in differences in the calculated service life. 
Design parameters for the recycled materials were obtained from 
recommendations made by Geo Engineering Consulting (9), which 
are based on research findings reported by Li et al. (/0) and Tanyu 
etal. (J/, 12). 

The pavements were assumed to be serviceable until the IRI reached 
2.7 m/km, as recommended by FHWA (5). Once this IRI was reached, 
the pavement was assumed to require rehabilitation. The IRI was 
predicted using the Mechanistic-Empirical Pavement Design Guide 
(MEPDG) Version 1.0 (13). MEPDG primarily uses three key 
variables in the analysis: (a) traffic data, (b) climate conditions, and 
(c) material properties. 


305 mm (RPM + 15% Fly Ash) 


760 mm Subbase 
(Foundry Sand) 


Subgrade Soil 


(b) 


FIGURE 2 Schematic of two pavement designs: (a) reference (conventional) 
materials and (b) alternative (recycled) material. 
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FIGURE 3 IRI as a function of pavement age for pavements 
constructed with conventional and recycled materials as predicted 
using MEPDG. 


Predictions of the IRI for the conventional and recycled designs 
are shown in Figure 3. The conventional and recycled material designs 
reach their terminal serviceability at 29 and 32 years, respectively. 
The service life for the pavement using recycled materials is 3 years 
longer because of the superior properties of the recycled materials 
relative to the conventional materials. 


LIFE-CYCLE ASSESSMENT 


The LCA was conducted using the spreadsheet program PaLATE 
Version 2.0 (/4). PaLATE was used because it includes information 
ona variety of recycled materials, including the fly ash and foundry 
sand used in the base and subbase in this study. PALATE employs 
reference factors to calculate environmental impacts for a project. 
For example, PaLATE uses CO, emission factors for construction 
equipment from U.S. Environmental Protection Agency inventory 
data (/5) to compute emissions from construction for a project. 
Total effects are computed as the product of unit reference factors 
and the quantity of an activity or material in the project. 

PaLATE employs economic input-output (EIO) LCA, which 
permits an assessment of environmental impacts of the entire supply 
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chain associated with conventional and recycled construction 
materials. EIO-LCA uses economic input-output data (e.g., data 
from the U.S. Department of Commerce) as well as resource input 
data and environmental output data to analyze both the direct impact 
and supply chain effects (/6). More details of the LCA approach used 
in PaLATE can be found in Pavement Life-Cycle Assessment Tool 


for Environmental and Economic Effects (14). 


The LCA was conducted for a 50-year period, which is the stan- 
dard practice employed by WisDOT. This analysis included one 
rehabilitation of the pavement at 29 or 32 years, as noted previously. 
Energy use and global warming potential (reported in carbon dioxide 
equivalents, CO,e) reported by PaLATE were used for comparing 
the environmental attributes of the pavements constructed with con- 
ventional and recycled materials. Generation of RCRA hazardous 
waste and water consumption during construction was also considered 
in the environmental assessment. 

The LCCA was conducted using the spreadsheet program RealCost 
Version 2.5 (77). As with the LCA, the LCCA was conducted for a 
50-year period. Agency costs and work zone user costs were included 
in the LCCA. The user costs include delay costs (cost of delay time 
spent in work zones) and crash costs associated with construction 
and rehabilitation. 


RESULTS AND ANALYSIS 


Results of the LCA are shown in Table | for material production, 
transportation, and construction (placement of the materials in the 
roadway). The column labeled “difference” corresponds to the 
total percent change in the environmental metric by using recycled 
materials in lieu of conventional materials. For both cases, the HMA 
component dominated the energy and water usage, CO, emissions, 
and hazardous waste generated. Thus the overall benefits of using 
recycled materials in the base and subbase course are modest. Using 
recycled materials in the HMA (or an alternative asphalt construction 
process) and in other elements of the right-of-way (e.g., pipes, guide 
rails, barriers, signage) in the alternative design would further enhance 
the environmental benefits. However, as illustrated subsequently, 
using recycled materials only in the base and subbase layers results 
in significant environmental and economic benefits. 


Greenhouse Gas Emissions 


The quantities in Table | indicate that a 20% reduction in global 
warming potential (CO,e) can be achieved in this case study using 


TABLE 1 LCA Predictions for Pavements Using Conventional and Recycled Materials 


Conventional Materials 


Recycled Materials 


Environmental Material Material 

Metric Production Transportation Construction Production Transportation Construction Difference (%) 

CO, (Mg) 3,630 323 111 3,028 163 54 —20 

Energy (GJ) 66.680 4,318 1,476 58,023 2.187 723 —16 

RCRA hazardous 629 31 9 611 16 4 —6 
waste (Mg) 

Water (L) 17,185 735 144 15,637 372 70 -l1 


Note: GJ = gigajoules = 0.001 terajoules (TJ); Mg = megagrams. 
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recycled materials. Most of the reduction in CO,e (74%) is from 
reduced emissions during material production. Heavy equipment 
operation is the main source of COze emissions during material 
production. Most recycled materials are available as a by-product 
from another operation (e.g., fly ash is a by-product of electric power 
production) and therefore do not require mining, crushing, and so 
forth. Consequently, production of recycled materials requires less 
usage of heavy equipment relative to conventional materials, which 
results in a reduction in CO;e emissions. 

To stabilize greenhouse gas emissions at current levels, the con- 
struction industry worldwide must reduce emissions by 22.7 billion 
Mg-COsze over the next 50 years (78). Highway construction accounts 
for 6.8% of total construction (79). Accordingly, the highway con- 
struction industry must reduce emissions by 1.54 billion Mg-CO;e 
over 50 years. The LCA for this case study indicates that a reduction 
of 819 Mg-COze could be achieved using recycled materials in the 
4.7-km portion of the Burlington Bypass considered in this study, or 
174 Mg-COse/km. The United States alone is projected to construct 
6 million kilometers of roadway over the next 40 years (4). Based 
on this construction rate and the emissions reductions computed in 
this study, using recycled materials in roadway construction could 
achieve an emissions reduction of 1.30 billion Mg-CO,e over 50 years 
using the relatively modest changes in pavement design illustrated 
in this example. Thus, with other modest changes to pavement designs, 
reducing emissions by 1.54 billion Mg-COye over 50 years in roadway 
construction appears practical. 


Energy Savings 


The quantities in Table | indicate that approximately 13% of the 
total energy savings obtained using recycled materials is associated 
with material production. These energy savings are analogous to the 
reductions in emissions associated with material production and 
are associated with the heavy equipment used to mine and process 
conventional construction materials. Use of recycled pavement 
materials in situ also reduces the energy associated with transportation 
(e.g., transport to a landfill for disposal and transport of new materials 
to the construction site). 

The total energy savings (16%) using recycled materials for the 
4.7-km section is 11.5 terajoules (TJ), or 2.4 TJ/km, which corresponds 
to the annual energy consumed by 115 average households in the 
United States (based on 2005 energy use statistics) (20). Similar 
application of recycled materials on a nationwide basis [assuming 
150,000 km of construction annually, based on Carpenter et al. (4)] 
corresponds to an energy savings of 360,000 TJ in the United States 
annually, which is equal to the energy consumed by 3,600,000 aver- 
age homes (e.g., a city the size of New York or Los Angeles). Thus 
substantial energy savings can be accrued on a nationwide basis using 
recycled materials in roadway construction. 


Other Environmental Impacts 


Using recycled materials in the pavement design also reduced 
the amount of hazardous waste produced and the amount of water 
consumed. The reduction in hazardous wastes results in lower 
management costs (2/). The reduction in water use is substantial. 
The use of recycled materials results in a savings of 1,985 L of water 
(11% or 422 L/km) for the 4.7-km section considered in the analy- 
sis. Similar application of recycled materials on a nationwide basis 
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TABLE 2 Life-Cycle Costs for Pavement Designs 
Using Conventional and Recycled Materials 


Category Reference Alternative Saving 

Agency cost ($) 9,044,570 7,107,230 1,937,340 (21%) 
User cost ($) 10,570 8,380 2,190 (21%) 
Total ($) 9,055,140 7,115,610 1,939,530 (21%) 


{assuming 150,000 km of construction annually, based on Carpenter 
etal. (4)] could potentially result in an annual reduction of 1.2 million 
megagrams of hazardous waste and a savings of 63 million liters of 
water nationwide. 


Life-Cycle Cost 


The life-cycle costs and the cost savings using recycled materials 
are summarized in Table 2. These cost savings include avoidance 
of landfill disposal of the recycled materials based on an average 
landfill tipping fee of $40/Mg (Wisconsin Department of Natural 
Resources, 22). As shown in Table 2, total life-cycle costs can be 
reduced 21% by using recycled materials in lieu of conventional 
materials. 


CONCLUSION 


The potential benefits of using recycled materials and industrial 
by-products instead of conventional materials in a highway con- 
struction project in Wisconsin have been described. LCA and LCCA 
were used to evaluate environmental and economic benefits. The 
analyses indicate that using recycled materials in the base and sub- 
base layers of a highway pavement can result in reductions in global 
warming potential (20%), energy consumption (16%), water con- 
sumption (11%), and hazardous waste generation (6%). Overall, use 
of recycled materials in the base and subbase has a potential life-cycle 
cost savings of 21% while providing a longer service life. 

When extrapolated to a nationwide scale, using recycled materials 
in roadway construction has the potential to provide the reductions 
in greenhouse gas emissions needed to maintain emissions by the 
highway construction industry at current levels. In addition, energy 
savings commensurate with the annual energy consumption of house- 
holds in a U.S. city comparable in size to New York or Los Angeles 
can be achieved by using recycled materials in roadway construction 
on a nationwide basis. 
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Environmental and Sustainability 
Impact Assessment of Infrastructure 
in the United Kingdom 


Richard Willetts, Jim Burdon, Jacqui Glass, and Matthew Frost 


Sustainability, now embedded within the legislation and development 
policy of the United Kingdom, is beginning also to be implemented within 
the design and construction process. Methods to assess the sustainability 
of construction projects have been in development since the early 1990s, 
but to date the majority have focused on the building sector, with little 
consideration for the detailed assessment of civil engineering projects. 
In addition, the tools developed have rarely considered sustainability in 
its widest sense, instead concentrating on the more quantifiable aspects 
of the environment, ecology, and building material use. The U.K. civil 
engineering industry has attempted to fill this gap with the development 
of the Civil Engineering and Environmental Quality Assessment and 
Award Scheme (CEEQUAL). The use of CEEQUAL is voluntary, but 
it is seen as a benchmark for assessing the environmental and social 
impact of infrastructure. Background to sustainability assessment for 
projects in the United Kingdom and the development of CEEQUAL and 
areas for improvement are presented. The paper then presents the results 
of a backanalysis for three infrastructure projects, with CEEQUAL to 
assess the design teams’ compliance with and comprehension of sustain- 
ability issues within their projects. Although infrastructure design 
teams are likely to engage with sustainability issues in assessment areas 
in which they have previous experience (such as environmental impact 
and biodiversity), more education is required to encourage increased 
awareness in the relatively new areas of design assessment, including 
minimizing carbon footprint, material specifications, and material 
use and reuse. 


Sustainability is generally considered to involve the protection of 
the environment and resources while ensuring economic equity and 
social inclusion for all. Sustainable development has been on the 
political horizon for 20 years, but only in the past decade has it begun 
to be enshrined within policy and legislation. 

The United Kingdom (U.K.) government has made commitments 
to the ambitions of sustainability since 1994 (7) when it produced 
its first U.K. strategy for sustainable development. This has since 
been reviewed and updated and also led to a sector-specific strategy 
for the U.K. construction industry in 2008 (2). 
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The construction industry is one of the largest sectors in the United 
Kingdom providing work for 2.1 million people, generating nearly 
10% of gross domestic product. Through its construction, operation, 
and maintenance, the built environment contributes nearly 50% of 
all U.K. carbon emissions and 33% of landfill waste and consumes 
13% of raw materials and 50% of water (3, 4). These figures illustrate 
why the sector needs to be a leader in embracing sustainability to 
minimize its detrimental impact on the planet and mitigate the 
negative impacts on future generations. 

Although much progress has been made in moving sustainabil- 
ity forward in some areas (namely, building design, waste, and 
procurement), there is still much room for improvement. Civil 
engineering and the delivery of transportation infrastructure is one 
of the areas where little direct attention has been focused. It is essen- 
tial that engineers be aware of the principles behind sustainable 
development and the ways in which they can help in its delivery to 
guarantee a more secure future for all. 

To allow engineers to be able to play their vital role in the delivery 
of sustainable development, it is essential that robust methods of 
assessment be developed and used to help better inform decision 
making at the appropriate opportunities (5). The growing regulatory 
and institutional emphasis on sustainability issues has led to the 
development of a variety of assessment methodologies that currently 
focus predominantly on the environmental aspects and consequent 
impacts of construction projects. 

This paper provides a review of the sustainable infrastructure 
assessment methodologies available to the U.K. construction sector 
before presenting a methodology developed by the Institution of 
Civil Engineers (ICE), the U.K. government, and leading members 
of industry specifically for the civil engineering sector, the Civil 
Engineering and Environmental Quality Assessment and Award 
Scheme (CEEQUAL). Three case studies are carried out using the 
CEEQUAL methodology to identify current levels of environmental 
performance in the design of a series of small projects as part of 
development infrastructure schemes, before conclusions are drawn 
on the key areas requiring focus from engineers to help improve the 
design teams’ performance on future projects. 


SUSTAINABLE DEVELOPMENT OF 
INFRASTRUCTURE IN THE UNITED KINGDOM 


Sustainability is a term that is used widely and interchangeably 
throughout all sectors and has any number of meanings to the 
individual or group depending on context and understanding (6). 
Its ambiguity becomes apparent when it is understood to have 
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anywhere from 200 to 500+ definitions (7, S). There is, however, 
one widely adopted definition that is seen as the benchmark for what 
sustainability should mean—Brundtland’s definition—according to 
which sustainability is a“... development that meets the needs of 
the present without compromising the ability of future generations 
to meet their own needs” (9). The Brundtland report (9) identified 
the importance of environmental protection and the social importance 
of providing for other citizens and future generations; these under- 
lying principles have been developed and adapted in several notable 
models that have split the idea of sustainable development into 
three areas: environmental protection, social equity, and economic 
prosperity. 

The United Kingdom’s first strategy on sustainable development 
was issued in 1994 and set out the government’s general principles, 
objectives, and approach to environmental issues (/). The U.K. 
strategy has been continually updated and the current version (/0) 
sets out four priority areas: 


Sustainable consumption and production, 

Climate change and energy, 

Natural resource protection and environmental enhancement, and 
Sustainable communities. 


These four priorities are set within five guiding principles: living within 
environmental limits; ensuring a strong, healthy, and just society; 
achieving a sustainable economy; promoting good governance; and 
using sound science responsibly. 

Although the government has been investigating ways to address 
sustainable development since the early 1990s, it is only since 2000 
that it has turned its attention to the construction industry (//). 
Construction is recognized as being of major importance to the 
successful delivery of the U.K. sustainable development agenda (/2); 
it clearly affects the delivery of all four priority areas of the U.K. 
sustainable development strategy (/0) and underpins many of the 
68 headline indicators, such as CO, emissions, aggregate extraction, 
water resource use, waste created by construction and demolition, 
land use, productivity, and road freight. Maine (/3) believes that 
the construction sector is unique because it can touch on the major 
elements of the sustainability agenda; it can influence both short-term 
(construction) and medium- and long-term (maintenance and use) 
goals. The main purpose of sustainable construction is to apply the 
principles of sustainable development, conserving present resources 
for the benefit of future generations, to the construction sector (/4). 
This definition though, and many others, struggle to grapple with the 
scale and fuzzy boundaries of the sector, which can include material 
extraction, product manufacture, transportation, demolition, building 
services, as well as design and even urban planning (//, /4). In fact, 
the majority of definitions focus on environmental aspects, but fail 
to capture the more holistic nature of sustainability. In addition, 
there is the need to define not only the actual construction process, 
but also preconstruction (planning and urban design) and post- 
construction (maintenance, operation, and deconstruction), in a more 
cross-cutting way (8, //, /5). 

Legislation is now seen as the main driver for sustainability in 
the built environment in the United Kingdom (/6). In 2008 the 
Department for Business, Enterprise and Regulatory Reform (BERR) 
released its “Strategy for Sustainable Construction,” which aims “to 
provide a catalyst to achieve a step change in sustainability of the 
procurement, design, construction and operation of all built assets.” 
The BERR strategy was developed within the context of four principles 
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set out in Securing the Future (10) and Rethinking Construction 
(17), which is still seen as the U.K. construction industry's principal 
driver for change. The strategy also has a crossover with the Egan 
Review (18), which reviewed the skills needed for industry workers 
to meet the sustainable communities’ agenda (/9). The BERR strategy 
does not aim to act as new legislation but uses existing legislation 
and a combination of mandatory and voluntary targets to tackle 
the gaps in existing legislation to provide a more sustainable built 
environment and suggests future policy direction (4) through the 
following: 


e Procurement. Integrated teams and supply chains to carry out 
50% of projects by value by end of 2007 and complete review of 
public procurement strategy. 

© Design—Building Research Establishment Environmental Assess- 
ment Method (BREEAM). Excellent standards for all new con- 
struction on government estate; greater industry adoption of design 
quality indicators. 

e Innovation. Increase in industry undertaking innovative work 
and adopting European Union schemes. 

e People agenda. Tougher targets for the reduction of health and 
safety incidents and increased staff training and retention. 

e Better regulation and business support simplification. 


In addition, four key areas are to be improved: 


© Climate change. All new homes to be zero carbon by 2016, 
increased energy efficiency across the board. 

© Water. Reduced consumption across the sector and consultation 
on adoption of sustainable urban drainage systems. 

e Biodiversity. Aim to maintain and increase biodiversity. 

e Waste and materials. Zero waste to landfill by 2020 and greater 
use of “green” materials. 


Notable omissions from the BERR document are planning, energy, 
and infrastructure. The first two are excluded because they are being 
reviewed and legislated independently, and infrastructure is excluded 
because it is believed that the civil engineering sector is developing 
its own strategy sufficiently well (4). However, several industry 
bodies [e.g., Chartered Institute of Building (20), Construction Indus- 
try Council (2/), and Quarry Products Association (22)] have voiced 
concern that the omission of civil engineering is far from desirable 
and will not lead to a holistic, inclusive solution. This concern is 
reinforced by Rydin et al. (//), who observe that the industry will 
try to fill the smallest possible definition of sustainable development, 
rather than aim to place itself at the center of creating a sustainable 
built environment. 

The ICE strategy, Sustainable Development Strategy and Action 
Plan for Civil Engineering (23), revises an earlier strategy from 2002. 
This sets out four strategic aims for the ICE to pursue in its approach 
to sustainable development: 


e Promote strong leadership within civil engineering, 

e Embed the principles of sustainable development into everyday 
work activities and decision making, 

e Build capacity for sustainable development in the industry and 
profession, and 

® Create and influence a policy framework that demands more 
socially and environmentally responsible behavior. 
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The strategy also aims to promote the CEEQUAL and investi- 
gate measures for addressing climate change as well as identifying 
good practice for social aspects of corporate responsibility. It 
acknowledges that current methods of work and resource consump- 
tion are unsustainable and emphasizes generating stakeholder 
uptake of sustainability issues and the promotion of whole life 
costing and life cycle assessment. A formula for the calculation 
of the carbon footprint of U.K. infrastructure is to be developed along 
with guidance on building sustainable roads. The major push, 
however, is on developing people and skills to be able to further 
the sustainability agenda. 

The government strategy for sustainable development and con- 
struction clearly emphasizes development of efficient, low-energy, 
“oreen” buildings and assessment techniques for energy and resource 
use; indoor environmental quality; and ecological loadings (24, 25). 
Resulting advances in sustainable construction can and will have 
some influence on the development of more sustainable infrastructure, 
but to date there has been far less attention paid to the “greening” of 
infrastructure (26). 

Unlike buildings, infrastructure incurs less frequent running costs, 
so it can be harder to demonstrate the benefits of greater expenditure 
on constrained short-term budgets for long-term savings. Despite 
the possible deterioration of a piece of infrastructure and subsequent 
increased costs in its maintenance, plus the environmental and social 
impacts, little is done by infrastructure operators to seek innovative 
solutions in operation or in procuring new projects (27). Possible 
reasons for this include a perceived increase in potential costs, risks, 
and fear of the untested or untried (27, 28). The lack of attention 
to infrastructure is particularly problematic given that highways, 
drainage systems, and utilities supply all have a major impact on the 
priority areas for national sustainable development (29-3/), for 
example, through the following: 


© Consumption of large quantities of primary and secondary 
construction materials and generation of waste; 

© Some of the most heavily consumed materials, concrete and 
asphalt, require large amounts of energy in their production and 
transportation leading to significant greenhouse gas emissions; 

© Depletion of natural resources leading to environmental degra- 
dation along with loss of natural habitats and major impacts (visual, 
increased noise, increased emissions, loss of habitat, etc.); and 

© Incorrectly specified infrastructure failing to support the 
behavioral changes required to deliver sustainable communities and 
transport. 


For the infrastructure sector to realize its potential and drive change, 
a shift away from the traditional project objectives of cost, time, and 
quality—which are used as the current paradigm through which one 
views a project, defines the problem space, and develops solutions 
that are suitable to meet these needs—is required (32, 33). Various 
work has started to examine the wider issues that should be consid- 
ered in infrastructure delivery, but much of this has been restricted 
to a narrow part of the sustainable development agenda. The main 
emphasis has been on environmental issues, focusing mainly on 
recycling and reuse of materials, waste reduction, and energy effi- 
ciency in infrastructure construction and maintenance. Given that 
such a wide range of issues should be encompassed within sustain- 
able infrastructure, it is understandable that a significant body of 
research is developing related to tools and assessment methods that 
are said to aid project teams in managing and delivering sustainable 
infrastructure construction. 
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ENVIRONMENTAL ASSESSMENT METHODS 


Fenner (5) states that to be able to engineer sustainability, it is vital 
that engineers have robust assessment methodologies available, while 
Hurley et al. (34) add that these methods are vital to aid engineers 
in decision making and the measurement of progress. Kaatz et al. (25) 
state that “sustainability assessment methods for building projects 
have a major role to play in introducing sustainability values and 
principles into mainstream construction,” and the importance of 
measurement methods for sustainable construction is supported 
further in the literature (25, 35-37). 

The Building Research Establishment (BRE) (38) and the SUE-MoT 
project (39) identified more than 600 tools related in some way to 
evaluating at least one of the “three pillars” of sustainability, including 
distinct types of tools for urban planning, design, and rating systems, 
and life cycle analysis tools and infrastructure. While it was found 
that nearly all these tools did address environmental issues, few 
addressed the holistic nature of sustainability and this is noted 
elsewhere in the literature (7, 25). Kaatz et al. (40) suggest that this 
may be due to the difficulty in measuring the intangible benefits of 
social, cultural, and economic aspects of sustainability and his 
view is supported by Rydin et al. (//), who believe that the industry 
attempts to fit the smallest definition of the problem space as possible. 
Xing et al. (4/) state that the current assessment methods are not 
holistic in their assessment and cannot therefore be described as 
sustainability assessment tools; while this may be the case, with 
their increasing adoption and requirement in public procurement 
in the United Kingdom, it is likely that they will continue to be 
used for the foreseeable future. 

Although this may not be ideal, there are a number of benefits to 
be gained from the use of these environmental assessment methods 
(EAMs), including improved teamwork, multidisciplinary dialogue, 
and increased opportunities (42), as well as promoting environmen- 
tally conscious construction and assisting in the delivery of market 
and regulatory needs (43). Fenner and Ryce (44) add that these 
methods can drive change in the supply chain and manufacturing 
markets, define benchmarks for performance within the industry, 
and aid policy making. 

However, EAMs are not without their critics (36, 44); they can lead 
to “point-hunting,” which wastes resources to try and score points, 
they can not always be context specific, and they tend to address too 
narrow a section of the built environment, focusing on the project 
and not its wider implications. They also need regular updating to 
align with the latest ideas on what constitutes best practice and require 
accurate qualitative and quantitative inputs (often based on assump- 
tions by the designer that can undermine the environmental benefits 
of the assessment method). 

A selection of the tools most often used in U.K. construction at 
the project level (36, 45, 46) is presented below before a discussion 
of CEEQUAL, which is seen as the most suitable for assessing 
infrastructure. 


Building Research Establishment Environmental 
Assessment Method 


Building Research Establishment Environmental Method (BREEAM) 
was established in 1990 and is the definitive standard in the United 
Kingdom for environmental best practice of buildings and can be used 
for an increasing variety of developments, including commercial, 
industrial, leisure and laboratories, schools, retail, and, most recently, 
communities. It lacks social and economic detail but this will be 
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addressed in the future. The issues that it addresses include manage- 
ment, energy use, health and well-being, pollution, transport, land 
use, ecology, materials, and water. Credits are awarded against spe- 
cific criteria, depending on performance in each category as judged 
by external qualified assessors. The total credits are then tallied 
to give a final score of pass (>25% points), good (>40% points), 
very good (>55% points), excellent (>70% points), and outstanding 
(>85% points). The scheme is reviewed regularly to keep it up to 
date with regulatory requirements and adjusted accordingly. It is 
now specified as a requirement for all publicly procured buildings. 


Sustainable Project Appraisal Routine 


The Sustainable Project Appraisal Routine is a design tool developed 
by the consultants at Arup that aims to inform decision making and 
aid delivery of sustainable developments. It is based on a radar 
diagram split into four quadrants assessing social, economic, envi- 
ronmental, and prudent use of resources. In an attempt to address 
sustainability holistically, no weighting is added to any of the 20 or 
more subthemes; these can be adjusted by the client and design team 
to suit the specific project requirements. Criteria are scored qualita- 
tively from —3 to 3 and a web diagram is produced that provides a 
strong visual representation of how the project performs, with the 
most sustainable aspects being closer to the center. 


South East England Development Agency 
Development Checklist 


The South East England Development Agency Development Check- 
list was the first tool developed by a regional development agency, 
although nearly all have their own versions now, covering all of 
England. It can be used to demonstrate or review the sustainability 
credentials at the planning stage of a project and how the project meets 
the regional sustainability issues, such as land use, energy, water, 
and transportation. 


Code for Sustainable Homes 


The Code for Sustainable Homes aims to deliver zero carbon homes 
in the United Kingdom by 2016 by phased integration into the build- 
ing regulations. Mandatory for all new homes, it scores buildings 
on topics including energy efficiency, water consumption, surface 
water runoff, waste, pollution, health and well-being, management, 
and ecology. It is based on the original EcoHomes methodology 
and, as such, awards a points score for performance, where Level 3 
is currently mandatory, with Level 6 (zero carbon) being required 
by 2016. It is owned by the U.K. government but overseen by BRE, 
who train the licensed assessors to carry out the awards. 


CEEQUAL TOOL 


CEEQUAL is a voluntary scheme to recognize best practice in civil 
engineering regarding environmental sustainability. While there are 
many tools available to the construction professional, CEEQUAL 
(www.ceequal.com) is widely recognized as being the only definitive 
tool for the assessment of environmental impact due to infrastructure 
works (3, 39, 47, 48) and is the BREEAM equivalent for infra- 
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structure. CEEQUAL began to be developed in 2000 by ICE with 
government funding and the support and involvement of 40 industrial 
partners representing clients, consultants, and contractors. In 2003 
following extensive testing in industry, the scheme was launched 
with the first eight awards being given. Since then, the scheme has 
been revised several times to take into account changes in regulations 
and to update the scheme to reflect current thinking on best practice. 
The scheme plays a key role in the ICE Sustainable Development 
Strategy and Action Plan discussed earlier. 

The scheme looks to promote best practice in the environmental 
and, more recently, social performance of civil engineering schemes 
by assessing and benchmarking performance to reward schemes 
that go beyond legal compliance. To date, in excess of £8 billion 
($12 billion) (£1 = $1.50; April 10, 2010 exchange rate) of construc- 
tion has been registered for assessment under the scheme, with close 
to 40 schemes receiving awards (49). 

Similar to BREEAM, CEEQUAL is a credit-based assessment 
method with |2 sections. The 12 sections have had a weighting applied 
and are broken down as follows: 


1. Project management, 10.9%; 

2. Land use, 7.9%; 

3. Landscape issues, 7.4%; 

4. Ecology and biodiversity, 8.8%; 

5. Historic environment, 6.7%; 

6. Water resources and the water environment, 8.5%; 
7. Energy and carbon, 9.5%; 

8. Material use, 9.4%; 

9. Waste management, 8.4%; 
10. Transport, 8.1%; 
11. Effects on neighbors, 7.0%; and 
12. Relations with the local community and other stakeholders, 


The 12 sections contain a total of 208 questions, which total 
2,000 points. Each question provides an overview of why the questions 
are being asked and what is considered suitable evidence to satisfy 
the requirements of receiving the credits. The scores for each credit 
are split out to represent the role of client, designer, and contractor, 
so that each member is scored according to their relative potential 
to influence the credit. The questions vary from simply scoring 
points for yes-or-no type questions that ask if certain investigations 
have been carried out to questions where the score varies depending 
on the level of achievement (e.g., the percentage of waste diverted 
from landfill). Some questions also have scores broken down into 
stages (e.g., if observations were made, were they assigned to some- 
one and did that person take action?), so the level of implementation 
is again rewarded. 
The awards that are available include the following: 


1. Whole project award (WPA), applied for jointly by or on behalf 
of the client, designer, and principal contractor; 
. WPA with an interim client and design award; 
. Client and design award; 
. Design-only award; 
. Construction-only award; and 
. Design and Construction award. 


Dm fw bh 


Assessments are undertaken by a qualified assessor who has attended 
a training course run by CEEQUAL Ltd. and using the CEEQUAL 
Manual, which provides guidance on what the questions require and 
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what counts as suitable evidence. The assessor is most often a 
member of the project team and is responsible for determining 
which questions are of no relevance to the scheme (not all questions 
can be evaluated and guidance is given in the scheme manual on 
which questions can be removed), collating evidence, and scoring 
the scheme’s performance. The assessor also works with the scheme 
verifier who is appointed by CEEQUAL Ltd. when the scheme is 
registered. The verifier is external to the project and the companies 
involved and provides an independent review; the verifier’s approval 
is also required for questions to be removed as well as for checking 
evidence suitability and relevance. The scores are recorded using 
a spreadsheet that, when completed to the assessor’s and verifier’s 
satisfaction, is sent to CEEQUAL Ltd. for approval. Awards are 
given as pass (over 25%), good (over 40%), very good (over 60%), 
and excellent (over 75%); these percentages are based on total points 
scored after removal of questions not considered relevant to the 
project and represent how far past statutory compliance the project 
has gone. 

Not much literature on the scheme has been published apart 
from brief overviews of the scheme’s scope. The only review of the 
scheme in use is by Campbell-Lendrum and Feris (50), who tested 
the scheme on a railway embankment works and concluded that the 
scheme “provided benchmarks for targeting, driving and measuring 
improvements” and they felt that “the depth, breadth and balance of 
the issues covered by the assessment process make it appropriate to 
a wide range of other civil engineering projects.” Although other tools 
are being developed, they will be broadly based on CEEQUAL (48) 
or similar approaches (5/). The scheme has a number of recognized 
drawbacks, however, including not addressing the holistic nature of 
sustainability and placing emphasis on environmental best practice; 
it is also seen as being “shallow” in its coverage of community and 
economic issues and not addressing the scheme over its life cycle (39), 
although CEEQUAL has been revised recently to address some of 
these shortcomings. 


CASE STUDIES 


The aim of this research, therefore, was to assess how a design 
team was performing with regards to environmental performance 
(at the design stage), beyond that required for legal compliance, by 
backanalyzing a series of projects using the CEEQUAL methodology. 
In reviewing the literature it was apparent that CEEQUAL was 
the most appropriate assessment method for the nature of the works 
(described below) and the scope of assessment required. Although 
CEEQUAL was not designed as a design tool or for reviewing project 
performance in this manner, it was felt that an assessment would 
provide a good indication of progress and which areas required 
attention from the design team to improve their level of environmental 
performance for future schemes. 

Three case studies were chosen that were felt to be representative 
of the project work most often undertaken within the design team. 
This design team represents one small performance unit of a large, 
international, multidisciplinary, design consultancy. The team spe- 
cializes in the delivery of the infrastructure (drainage, utility supply, 
and highways) to support residential, industrial, and commercial 
developments for both private and public development organizations. 
The three case study projects had been completed at the time of 
assessment, so they had been approved and accepted by the relevant 
adopting authorities who would take ownership of the infrastructure, 
to be compliant with the current relevant regulations and specifications. 
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Although the assessments were undertaken by a qualified assessor, 
the case studies were not undertaken as true CEEQUAL assessments 
in that they were not registered with CEEQUAL Ltd. or subject to 
external verification. However, the CEEQUAL methodology was 
applied as rigorously as possible for the nature of the projects to 
achieve an accurate assessment result and to benchmark current design 
team performance. The assessment was undertaken using Version 4 
of the manual (the most recent revision). 


Case Study 1. Highways, drainage, and footpaths to support a 
new industrial park on a greenfield site for a public body in a rural 
location. The project aimed to act as an economic stimulus for the area. 

Case Study 2. Highways, drainage, and footpaths to support a 
large new residential development on a brownfield regeneration site 
for a public development body. This project had strong aspirations 
regarding the social aspects of sustainability. 

Case Study 3. Highways, drainage, and footpaths to support a 
new commercial development on an inner-city brownfield site for a 
private developer. 


The schemes were assessed as closely as possible to a real 
assessment with questions being evaluated, evidence identified 
and reviewed, and scores awarded. The final scores were found to 
be as follows: 


Case Study 1: 21.3%; 
Case Study 2: 29.2%; and 
Case Study 3: 10.5%. 


This would mean that Case Study 2 would score a “pass” while the 
other two case studies would fail to score an award under the scheme. 
This is not surprising given than none of the projects set out with 
ambitions for environmental performance beyond regulatory com- 
pliance, which they all achieved. Figure | shows a more detailed 
breakdown of the scores across each section. 

It is not surprising that the overall scores reflect a relatively poor 
performance for demonstrating “best practice” when this was never 
an ambition. One of the common themes in the literature is that if a 
project is to achieve minimal environmental impact, it is essential 
that it is identified as a clear ambition from the outset, with all parties 
involved being engaged. Another reason for poor scores is that the 
scheme works on the premise that no evidence means no points; 
this rationale was followed in the assessments, but it became clear that 
there were a number of areas, such as design rationale and decisions 
or recording quantities, that were not carried out as thoroughly as 
possible. If a project is to be carried out under the scheme, it is 
essential that the assessor clarifies what evidence is both relevant 
and suitable and ensures that data are thoroughly recorded. 

It is clear that one of the main reasons that Case Study 2 received 
the highest score was its performance in the relations with the 
community and other stakeholders. This is not surprising since the 
development set out with high ambitions for social performance and 
so a greater number of workshops and community liaison activities 
were held compared to the other projects. The scheme also fared 
better on a number of other issues because it was constructed on a 
brownfield site, bringing the land back into use and dealing with 
potential contamination appropriately. 

Case Study 3 scored the worst; this is influenced by the client being 
a private developer rather than a public body. Consequently, the 
client had less of an organizational commitment to sustainability and 
environmental protection with a clear emphasis on the traditional 
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FIGURE 1 Case studies’ CEEQUAL section scores. 


development paradigm of cost, time, and quality as the key drivers 
for project delivery. It is evident from Figure | that the sections in 
which all three schemes failed to score or only achieved a minimal 
score are energy and carbon, material use, waste management, and 
effects on neighbors, whereas land use, ecology and biodiversity, and 
the historic environment generally gained better levels of achievement. 

The main reason for the scores being slightly better in the three 
aforementioned topics is that the design team had a better under- 
standing of and experience with these topics from dealing with 
planning and regulatory issues and working on larger schemes that 
have required greater focus on these issues. Furthermore, good use 
was made by the design team of expertise in these fields, especially 
ecology and biodiversity. 

It is perhaps surprising that waste was one of the lowest scoring 
topics since it is one of the areas that has received the greatest level 
of industry attention in recent years and there is a large amount of 
guidance available, but the most obvious reason for this is the design 
team’s belief that waste is predominantly an issue for the contractor. 
Although the importance of the contractor’s role in waste minimization 
is reflected in CEEQUAL by the number of questions applying to 
the contractor only, there are still credits available for the designer, 
who has to incorporate the principles and set targets for waste min- 
imization during the design phase. These opportunities were not 
exploited in the case study projects. 

The area of energy and carbon is a fairly new concept to the 
general design of civil engineering works, but one that will be of 
growing importance in the coming years as targets are set to reduce 
national consumption and outputs. This section deals with issues such 
as life-cycle energy assessments, life-cycle carbon assessments, 
percentage reductions achieved in the design and completed works 
based on these assessments as well as energy and emissions in 
use, and whether opportunities have been explored to minimize 
these and incorporate renewable energy sources. Although the skills 
are available to carry out all these requirements in-house, it is 
clear that the design team will need to become more familiar with 
the general concepts and terminology so that they can recognize 
opportunities for incorporating these requirements as well as under- 


standing at what point in the project the greatest opportunity to influ- 
ence the design presents itself and provide the relevant information 
accordingly. 

Again, poor scores in the nuisance to neighbors section were 
recorded for reasons similar to those in the waste section, with the 
design team believing that issues related to noise, vibration, air 
quality, and light spillage during the construction phase are the 
responsibility of the contractor. Therefore, the design team did not 
consider the potential to minimize these impacts through the design 
process, although they were taken into account during the design 
when considering the operation of the infrastructure. 

One of the main concepts that has come out of the CEEQUAL 
assessment analysis is the potential that the designer has to minimize 
environmental impact through better specification in a wide variety of 
issues from waste to landfill and recycling targets, levels of responsibly 
sourced materials, and percentage of materials to be reused on site, 
to levels of coatings and treatments applied off site. CEEQUAL also 
allows the designer to require contractors to have green travel plans 
and to review past environmental performance of contractors and 
subcontractors before the invitation to bid stage. 

The other issue that the assessments have raised is the importance 
of considering the project over its life cycle and the impacts that the 
project will have not just during the construction phases and on 
opening, but what impacts it will have on the environment over its 
entire life cycle and how consumption and impacts can be minimized 
over its entire operation. 


CONCLUSIONS 


The growing need for designers and all construction professionals 
to recognize the importance of sustainable development within civil 
engineering has been identified from a policy and regulatory standpoint 
within the U.K. construction industry. The need to recognize the 
importance of consideration of economic, environmental, and social 
issues has been discussed as well as the methods that are currently 
available to help engineers achieve this. It has become apparent that 
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there are a variety of tools available, but, at present, most do not fully 
assess sustainability, with the majority focusing on the environmental 
aspects and impacts (mainly related to buildings). 

CEEQUAL has been identified as the tool most suitable for the 
U.K. context to assess the environmental impact of civil engineering 
schemes and a brief overview of its history and scope has been given. 
Three case studies have been assessed using CEEQUAL to help 
inform the design team of their current level of performance in this 
area, in addition to legal and regulatory compliance. 

As expected, the schemes that set out with no environmental 
ambitions scored fairly poorly under the scheme, which aims to reward 
those that go beyond legal compliance and implement best practice. 
Issues with which the team is familiar (mainly through past experience), 
such as ecology and biodiversity, were integrated well into their 
designs, using appropriate expertise available to the designers in-house 
to maximize their success. 

Poor scores in areas such as carbon and energy and material use, 
with which the team members were not so familiar, demonstrated a 
need to improve their level of understanding and education on these 
topics, so that they can better integrate the concepts and seek out 
the relevant expertise to minimize these impacts. The design team 
should also seek to influence the construction process through better 
specification and taking ownership of the impacts created in the 
construction process as well as during its operation at the earliest 
opportunity in a project. It is anticipated that as a follow-up to this 
work, a toolbox will be created to raise awareness of infrastructure 
design engineers’ sustainable literacy with an emphasis now placed on 
delivering clear advice and guidance on how to assess and consider 
these impacts, with the first modules focusing on the areas highlighted 
in this research as being lacking. 

Because it is not likely that a single individual will be familiar with 
all the issues that should be considered in order to deliver a completely 
“green” civil engineering scheme, the CEEQUAL scheme provides the 
engineer with an overview of the key topics and provides insight into 
who should be consulted and on what issues. Although CEEQUAL 
does not provide the complete solution to ensuring that designs 
will be sustainable (because it does not fully consider all aspects of 
economic and social issues), it provides a useful starting point to 
improving the environmental credentials of the design team. While 
there is the potential for such checklists to lead to a narrow focus on 
the part of the designer by not considering the wider context of the 
project, the scheme is not so overly proscriptive; instead it provides 
guidance on how to improve the environmental impact of the civil 
engineering projects. 
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